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OBJECTIVES

Develop a near-field phased array antenna test system for production test acceptance
of Navy radar antenna systems, and provide industry with a new testing technology, as part
of the Navy's Manufacturing Technology (MT) program.

RESULTS

I. RCA Corporation, partially supported by contract with the Naval Ocean Systems
Center (NOSC), developed two major elements of a test acceptance test system: 1) a
programmed scanner for scanning a waveguide probe over the radiating face of the antenna,
and 2) requisite system computer programs.

2. At the time this report was written, the completed RCA-developed system was
being used to test AN/SPY-I antenna faces being manufactured for the AEGIS weapon
system.

3, The near-field testing technique saves money over the traditional far-field tech-
nique, and the near-field approach provides better data for acceptance or rejection decision

RECOMMENDATIONS

I. Futurv temting of AEGIS antenna awsmblies be done by thi near-field method.

2. Since the succem of new near-field antenna testing systems depend on the
quality of planning. it is recommended that planning problem areas be giren specific attention.
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SUMMARY

A unique near-field phased array antenna test system has been developed by RCA
for acceptance testing of production AN/SPY-I antenna faces for the AEGIS weapon
system to go on Navy surface ships. Far-field testing techniques have traditionally been
used to measure antenna performance.

Two major elements of the system developed by RCA are covered in detail in this
report. These include the programmed scanner used for scanning a waveguide probe over
the radiating face of the antenna, and the computer programs needed for control of the
scanner and measurement equipment, for assisting test system calibration, for processing
measured data, and for display of the antenna's measured performance.

The main body of this report contains an overview and analysis of the total
automated test system, with details of the two RCA-developed system elements contained
in Appendix A (RCA's final report). Appendix B contains lists of drawings and computer
software available from Naval Ocean Systems Center (NOSC), San Diego.

This test system was supported partially by a Manufacturing Technology (MT)
program cont act with RCA by NOSC. The primary objectives of the MT program were
to develop the near-field testing system for acceptance or rejection of production AEGIS
radar antennas, and proviJe industry with a new testing technology.

For those planning similar systems, it may be of interest to note that the system
under discussion cost approximately S 1.2M. Table I provides additional details.

"The near-field technique and equipment described in this report provides an

improved method of antenna testing uniquely suited to array antcnnas. In an industrial
productionl/engineering environment a significant savings can be demonstrated, It can also
be demonstrated that use of the near-field technology will provide thle Navy (and other
customers) with a greater product reliability ii their acceptance/rejection process.

-,1
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INTRODUCTION

A new type of measurement technique for production acceptance test of the micro-
wave antenna face of the AEGIS radar system is receiving its first major industrial application
at RCA, Moorestown, N.J. The nearfield measurement technique being used has been given
extensive laboratory investigation at the National Bureau of Standards in Boulder, Colo, at
the Georgia Institute of Technology, and at other laboratories. There is an extensive list of
public literature on these laboratory investigations.

The shift of a laboratory technique to an industrial setting entails some risks; but, in
this application one can show benefits of reduced costs and increased production which
justify support from the NAVSEA Manufacturing Technology (MT) program. The total
project has three-way support from MT, AEGIS, and RCA.

The major portion of the technical work was performed by RCA. Their final report
is attached as Appendix A. The bulk of the RCA reporting is of less general interest and is
described in Appendix B. The availability of this material is also discussed in Appendix B.

BACKGROUND

Ajitenna testing is broadly separable into two types of tests: near-field and far-field.
F1acl has certain features of superiority but there can be a large region of equivalency. The
limitations have been well delineated in laboratory investigations although an antenna of the
AEGIS type has not been previously tested by near-fitld methods. Tihe usual application of
far-field data requires no phase information fromn the antenna probe and indeed it is usually
impossible to measurki phase well on a far-field range. In near-field testing, phase infonna-
tion is required in tile transform data proc-;sing.

As important as the acquisition of the measurement data Is the handling of the data
after acquisition. In large measure, it 4s efficient data handling that nakes the noar-ileld
tcsts competitive in practical application.

The system was designed around a first version of an official acceptance test proce-
dure for the A0GIS antenna. The system hardware is very ll•eible In allowing othcr versions
of test procedure to bc uswd, A-y version can be put under rigid quality control procedures
that wtll auure %consisteon testing and the fimt version is under such control, The system
softwai documncttation widh nwkes such control effective has been developed for the first
verson.

"t•hle first version of an official a;ceptance tesa procedure is described with its data
rtedu).tio and presentation. The reduced data will be exalninet1 .v a Navy represontative
and he will make a decison to accept or reject tlie face. Tlie custoinc. in this cme AEGIS,
i Ileufics tlie pertinent available tfornnatlion to be reduced and presented in an easily mview-
able form fronm ite official tests.

* At pre•emt the antenla acceptance criteria are in tenrts of far-fictil paranlnetrs, re-* quiring a tratsfonnatiao of near-field data to the far-fheld fortuat. Int-field criteria are used

*11w sytett is usidet ,.nfwate "oittol and can be directcd to do a wide valiety of pfocedules (within Its
auwchi•tatcal tihtrakions), data teduction and data preentation. Tests, ther than acceptance test-4, can be
carried out fAs the AEGIS proganiM ilhout detradinS the accepltane test capability. The quality cowtol
progtain (a:d its autendatn expenses) fu thes othet tears may ob may o be piheinea•ed.
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primarily because antenna designers and testers are most comfortable and familiar with far-
field descriptors such as gain. beamwidth, sidelobe levels, etc. ln addition the antenna per-
fornance is specified in terms of far-field parameters.

As experience and confidence with near-field testing of AN/SPY-I arrays increases,
it may be desirable to specify antenna acceptance on the basis of near-field criteria directly,
without the need of an extra data reduction step to derive far-field patterns.

NEAR-FIELD VS FAR-FIELD

An antenna is a component which launches electromagnetic waves into free space
from confined waves inside the equipment. For many applications, such as radar, tile region
of importance of these launched waves is far from the antenna- and, the antenna, with
reasonable approximation, can be considered a point source of radiation. The far-field char-
acteristics of antenna gain, beamwidth, and sidelobe structure hold true only at distances
from the antenna greater than 2D2/X: where, D is the mean diameter of the antenna and X
is the wavelength of the radiation. For the AEGIS antenna, the minimum far-field distance
is approximately IOQ) feet.

Far-fiekl antenna characteristics are usually measured by placing a probe intenna in
the ftr.lield of the antenna under test and measuring the signal coupling between the two
aitennllas as a function of direction by turning the antenna under test.

Since the radiation vnergy which reachesl the far-field hos to have passed through tle
antenna structurc, an atiernate meaisurement mcthod should be possible by which the fields
in a small region Close io the antona are probed. A theoretical expro.ion relating near-field
measuremen ts to far-field mevaurenents can be derived. For instance, FnWt Abbe In 1873
developed u theory of lhe microscopt in khich he showed that radiation fields at large dis-

alances aire r•latcd to field in the aiprture by a mahema.ticaul Fourier transfotn. Recent do-
V0elopmente in ilivrowavc instrumentation and computilr have flow "lade it possible to
1tilize this trialitform reld:iolship in what i. czAlled a nelr-ficla inltenn measurement iethod.

The typcwal aaear14icd data W1t has mlore tlcaulevmcfll information ill It than doe- the
typical fatr-field dita xet. 0o ats. lte nfer.field nwal.erfentare mlladte Close to tihe antlellan
(about I foot distal. e for (he AUGIS anten•ni• thlie data calln he oed for Miom prposs 111,411

ulust Verifying atray pCrforllalc'. he prelnt M pp1licationA ina0 5 iood use of the tehitilue
for heamnformer ahlienment and diagno.tics.

Ihe' near-fivld inethod ha Itwo bial advantage.: I I the [eniremnflas nay le miade
indoors, and 2) tihe antenna iicd not he (tinled (the tranisfortio e; thedowh cuivalelti For a
large heavi antennwlla iich reifilres SIpCia1 halldling 04juipn tailtte wtvings call tie gubsitAntlal.

F•Jeron•lly-steere.l tlphasod-array antenn"S Con4st of all array of SimaIll radiating
elemelnlt l ellach pha•d relative to the othe!n by electronic control. Although theme arrtys may
lIave mlechal il tclsyltullry, this syinn•ety. does ota noecctsarily appeatr on the far-field char-
acteristic% or lthe bcatt because or ltre elcflrooic phasing propertic%. Corwticlietly a full
planie of data mlust le measured for eaihi phasing setting Itn order to dewsilvl tlie function of
tlte antenlna.t Fortunlaltly thi typle of antellna caln electrically recoltilgilre itvelf ill a matter
of nicwtrowonds and niany 1ts tahbout 100) oft"eamureients can Ib made in a stnall poriod
taboul a fifth of a siontd a tetiod during which (lie near-field pirobe Ilovet about 3 •ln)
if i(Ire are comllpluter lcchniuj.lae to sort and storm th(e ilaelsunlllett, Titus, Ilwre is need for
a very large amlloultl of data coanbiated with a capability of tupplying tihe data if ino0deni in-
strunenilatio and data lhandling is wUed. Tlal Cost per data Unit is very low 041X thile Systelml
is et up.
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DATA LOGIC

The Fourier transform utilized here requires the near-field probe to be located at a
regularly spaced array (say 3-cm spacing) of points on a mathematical plane. Other trans-
forms for cylindrical surfaces and spherical surfaces exist, but the planar surface is particu-
larly appropriate for the AEGIS antenna. The array of measurement points needs to be
relatively exact (about 0.030 inch) to avoid errors in the transformed observations, It is
less costly to provide this exactness in the mechanical scanner than to correct for such im-
perfections in the data processing.

Tile measurements are made in a time sequence which presumes a constant mechan-
ical scan velocity, Any deviations from constant scan velocity are immediately corrected by
the servo loop. Velocity transients would introduce the same sort of errors into the data set
as would a mechanical distortion of the scanner. The servo loop was custom tuned to cope
with tile mechanical resonances of the scanner structure and this, combined with software
programming which avoids introduction of resonant-frequency components into the servo
loop, results in a very smoothly operating constant-velocity motion of tile near-field probe.

The appropriate scan veloci,y is computed in the PLAN subprogram of the computer
software according to the amount and type of data rcquested and the various transient
switching times of tile RF measurement system. Up to a certain amount of data the veloc-
ty is limited by the maximum velocity of the scanner. Ueyond that amount, the more data1relUested, the sloWer the scan vCloity aVIA the longer1 thltime rcquirod to complete tle

scan. The systCem is planMed to he capable of measUring tile requircd data for the final
acceptance test withinl one workiRg day.'

SThe basic data arrmy for the Vourier trossforin is 256 X 256 data points. However,
tllre ate not tINs many mleasured points, The remaining point,% are filled with a suitabl.
value (such as, cro). For some purposcs tile transform ambiguity t silhAr to grating lobts)
rcsult-irg from a da•a array with twice the %pacing would hbe atisfatory and the softwar
permits a 256 X 215o arstiy of "leamurcd data points to be rmplavced with four 128 X 128
indep!ndent data armays, Data reduction for these I S X 128 arras is a Vropriately

AEGIS AN/IPY- I A

AtEGI% is a new generation fleet air dlefense systeo prewntly iu production for do-
loyvment in (('4( eaCs4 ships bhcgnning in 1483. When dep!oyed. AEGIS is expechd to

coltribute ,significanlly to fleet air defeas apabilitics in the heavy thrlat onvirolnelll t
ptojected for the %'f and 00%.

hOne of tile key element. of AEGIS i% the Sk4'aud AM/SPY-I vaidar sy.tem designed
..". and built by HCA. ThLs radar uwes an lecttonically-stcercd phaed-array antensa systemI

which gives the radar tile capability of tracking mllany rapidly-lmoving atrgets iwlultaeously
plinlatily because tile r4dar beam ca W.e clecttouic-ally stoord. Pte anticona sysaem comiU
of four antenna facs each directed in a quadrant of aziluth. IVte AIMGIS Near-field An-
tenna Teo Sy•t c ! ANFAIS) und" discuSsion was built priiarily to test thoe antnmna
faces at the RCA productiov •rwifity in Mooreslowti. New Jefsy.

i •| ihe Iiall %lag• (if plWutcI-oo the 1all e •ula 1,20 Wi. thi•nwce. trouiol oth ticat-fietd ICUs System for
W.V*fal wwees whil a iuitnbe of pfeiangin• ICasy s a dM atems atwe ode p•i• to 1W accetanc

ktesug,
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Each of the four AN/SPY-I antenna faces is approximately 12 feet in diameter and
contains 4096 radiating elements. It is steered by row-column steering commands from the
antenna position programmer.

The antenna is organized into 128 array modules having 32 elements each. During
production, tests are conducted at the element, array module, and the beamformer level to

assure that antenna components and subsystems are functioning properly before assembly.
The purpose of acceptance testing is to assure that the antenna has been assembled properly
and that no components have failed or been damaged during assembly.

Typically, a representative set of antenna measurements are conducted to satisfy the
acceptance test requirements. Acceptance testing can be performed by either a far-field or
a near-field range. A significant bonus for near-field testing is that the near-field data can
be used directly to assist in identifying failed elements, beamformer misalignment, etc. while
the antenna is still in the factory, so that system check out and debugging ulay be more
easily accomplished.

PROJECT OVERVIEW

The first engineering development models of the AEGIS antenna face were tested
by traditional oethods ola ti far-fildd antenma range at RWA (circa 1972 and later), The test-

ing prov-d burdensone and aicrative methods of test were investigated. Investigative re-
ports exist front thi era (R-t'ereices 1, 2) and tht consensus of then) wa• that the nar-field
test methtod was both Iedinimally aod econonically feasiblt and would offer somn clear
advntlage.¢.

The Navy Manufacturinpg Tchnnology (M'T) program was forming at that tite with
the aim of holpilig to finanl;c tie intfroitdutioln of new toecttnolkNv into d.felse lndutrieS in)
rmtum for open availability of the dcuails of thal thtiology. R(A ,ubnitted an unsolcited

lmroP•,,al to NOSC 1 March 1071, which wa, accevpted anld eventually rveulted in contriact
NOWM 23.7.11019 1. Which tatrted .10 Septemt-or 10)77..

The pro!•.lial wa- titled "Autoliated T•lt Sytenm for P!.asd Arriy Anktnoma." avid
outlincd a thrfeeway au pott for the total syAtC11. MT. AIRGIS, RCA capifal. Thv MT sor-
tion wa.s to -mppliy tlhe p'Wr•orian dw scanner hardware ind tile copelirtef •oflwtwre. RCA
capital Was to upply thie %helfer for tle facility at it% plant in Moorstown. N.J, tlie coims'

puter. the RV haidwatt. the RV measuring equipmeint. etc. AE(GIS was to wppotl the
interation of tile test sy•tei a21 lite AEWIS awlntia system. hus lthe M•T ontract w"
for two major pieces of tie s'stem but with a comnit"ncnl from RCA to supply tIW emM9"
lag pieces.

The NIT porionl was CWentially completed Oac 1478, TThe curlt %tatus (Oct 79) is
tiht tihe RCA portion has beau completed anid the firt AEGItS productioft afitennu face is
in place in t(ie tfeter and hmis6 tarted tests. This is essntially accordifig to s dahule. It is
plained thlt vonparttiv: 'r.r-iretd data he VAken oil this face. It may be ast-ned that in t(ie
comlipariwon sille thing V wi !ecoiloe Ich he unde••-'od about both thI Olear-field and tle
(atr-ield data. Prsnlt indicatioon_ art that no i• Odificahliss to tim, sIat, ter lardnwava or tuhe
dala-taktoig proi•ze will lie ncedW.

eteIh.,t systelm dexign t akes full u.c of coitnsiater versatilily. All 21tenn1"0 t1Wt4 a#7
done unlder c•ponsuter conniol and with caoanlutet pahticipation (tile facility lta% a dedicated

computur). Thli is i0! ddition to the deicated heamn.$1c¢inj computer wilhti tlie ANI
SPY-I Syttem., Toe e ltire functliaing of the combitted anitteia and lost systouim is St"ovs cd
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by the computer software loaded into the test system computer. For accountability
purposes a version of this software is documented and under full AEGIS quality-control
practices. This version will be used for official testing.

This report addresses the technical side of the project. However, it must be acknowl-
edged that the MT contract budget and schedule were met. RCA should be given much
credit for this.

It should be noted that the programmed scanner exceeded the required mechanical
precision by a substantial amount. Practically every function is under computer software
control so that measurements and data reduction of almost infinite variety can be pro-
grainmed by modifying the software, This gives the test system an unusual degree of adapt-
ability to new tasks. For a comparatively small additional cost, the test system could be
adapted for other RE frequency ranges, and other types of antennas might be tested. For
the present, the test system will be devoted to AEGIS purposes.

ACKNOWLEDGEMENT OF PROJECT PARTICIPATION

TIec vital interes; which AEGIS had in this program led to active participation of
AEGIS technical staff in all the MT review meetings. Among tile technical staff for the
Navy. R. Marcus of NAVSEA 65232C, E. lrzinski of ioluts Ilopkins APL. i. Frank of
Technology Service Corp. deservc spec:ial mention. lih tr'thnical staff of RCA that was
involved was larger in number and more varied in theiri contribution to the project. The
authors of the RCA final report (Appendix A) ari L. L.. Coulter. W. A. Harinuning, and
J, C. Kulp. Some clue to naoe. of other RCA contributors may he found in the 4st of
tEnd-oI'ontract Review tetndc-von pge x of thie RCA final report (Appendix A).

Spccial mention should be madte of (fth •taff of the National Biureau of Standards.
Uouldetr. Colo. in partlicuar Mr. Allen Newell. NOS has pionoerd much of thI expcri-

mnvittal and theoretival w-tik onl neuarfield a4tenun nieasurvinnt sysllets and lhas wedd as
a consuttant to NOS& on6 th contract. 1t hals also "eved as consultant to AEGIS and to
RCA. and lhim upenr d the. nwx'.ficd probe antemn clibration for tlh RCA portion of

Tlte¢ ave also fleat-fied proil in! tile Ar'my and tiri Alt Force. Thew projectt do

nrot duplic:ate cacti Other and there• i% communication hetwecl till projects. Ll particular.

.of E.tAI)OM. U.S. Ary. Ft. Meonmouth. N.J.. attended a number of review
stectiogA on tile MT ooutract (.note page x of Appciulix A). tic curtutly uvonitots• ow-

litr-ac for a near-field toot s.ystet placed with Htughes. Fullerton, Calif,

Tije obligation for lechnology diswsnination included I% thl Mr contract will be
Completed by the availability of this tco.-tt.0 colpes of Ihardtwatr drawings aind Compute"
%iltwase do-umoltation (ýcc App•edi. II), and the optn IwVuW. presentation and demon-
stration which occurred neat thle end of tile MT .onttact (scc pages viii. ix. and 'k of Appen-
dix A). Ile hardware and wftwarc produced under tilt MT coltract has been turn.d over
as Crowermeot funfislhed equipxment to the AEGIS production coutrct with RCA. cootIact
NOOO24-78.-5 188h. lTi4% doe not ptreclude ftthier teehnotlogy dis.ninat6on fwitness:
XW. A, ltatrnetuig. "Ilitnoneuting a Nc~ar-iekl Antenna Ted Facility" Miatowave Journal.
Sept. 1979. IV 44-55. ipas addenkdwu p. 88 Oct 79) if AEGIS aOd RC ma .amneuat
concur.

%enctforth to le available ftn Ikfrw Team" 1nfWatonte*. ("oeuy knuwwn n
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ECONOMIC ASPECTS

Costs

A table of costs for the present system is given in table I. The table is itemized at a
major module level.

ITEMS K S

MT Pertion

Scanner 343
Software 263
Sub-Total (MT contract Price) 606

RCA Portion

Shelter 150
RF System 250
Computer 200
Sub-Total 600

Total 1206

Table 1. ANFATS costs.

The cost given is for the system as it was designed and built. No attempt is made to
explain the many decisions by which this design was chosen over alternatives. The most
critical requirements appeared to be: 1) a Navy supplied list of antenna measurements to
be made for acceptance test purposes (a fairly extensive list but still only a spot check of
antenna properties), and 2) a requirement that an AEGIS production rate of three ships per
year be maintainable. AEGIS production readiness costs, relevant to utilization of the test
fixture, are not included. The subdivision within the MT and RCA totals are estimated cost
divisions. There are questions about apportionment of overhead costs and other questions
which leads one to ascribe a ±20% accuracy to these numbers.

It is thought that a failure to anticipate costs properly would keep others from
adapting this technology to their needs. Otherwise one might be tompted not to include
table I. Actually the experience with this project indicates that costs can be predicted well
with appropriate effort.

Costs of future ANFATS-Iike systems should be less, because of the technology and
expeiience which will be available from this system. This is one of the Justifications for MT
support of this project.

8
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Benefits

Near-field production testing of Phased arrays har demonstrated, at this early stage of
AEGIS production, that a thorough tes, planning program does provide the appropriate
combination of low expenditures and maximum data to satisfy Navy acceptance procedures.

The AEGIS AN/SPY-I antenna face was qualifi,kd during the EDM-1 and EDM-3
design phases. In the present production phase there is a sequence of component and sub-
assembly tests which precede the testing of the final complete package (a combination of
the AN/SPY-I antenna face and its beam-steering computer). The primary purpose of the
array production acceptance testing is to check for assembly errors. Far-field tests, which
have been customary, are not very sensitive to small assembly errors; and, when something
wrong is indicated, the indication of what is wrong is ambiguous. The near-field data is much
more sensitive to small assembly defects and, moreover, often tells what is wrong so specif-
ically that it can be remedied efficiently. There is not yet enough experience to specify the
optimal data reduction techniques for the near-field data. The data reduction subprogram
BFAL in the present system is a start. It should be noted that there is no far-field counter-
part of this subprogram.

In the initial RCA proposal (1976), the cost savings per ship was estimated at
$100,000 if near-field acceptance testing was used. For a production run of 24 ships this
would produce savings beyond the cost of the near-field facility. Of greater importance
than the cost savings is the potential that far-field testing would become a bottleneck in
achieving a production rate of three to four ships per year. Near-field testing can enaily
handle the projected production ratu.

1The reader's attention should be drawn to the existence of two earlier economic
analysis studies (References 1, 2). Both references have drawn on some of the same sources
of intbrmnation but the treatment is sufficiently different that a comparative summary will
not -,,"erpted here. Both reports give a moderate edge to the near-field method. The
TS; st:uuy assumes a prior fltr-field range which has to be improved with greater automna-
tion, etc. The Georgia Tech study assumes that both the far-fil1d and the near-field systems
arc built from scratch.

By March 1980 there were good comparative costs and times available from RCA
experience fur near-field vs. far-field testing, The near-field costs wore lower by $400,000
per ship. 11Te saving in total test times was 6 months per ship. A portion of these additional
savings over the 1976 estimate is due to incremental improvements of the initial proposal.

Several quahflcations to the bunefits analysis must be noted. Over the etriod
19760-80 there was significant general inflation of costs. There were also significant fluc-
tuations in best estinates of the final number of AEGIS ships. There are also several
opinions on the proper method of benefits analysis. However, the conclusion that the

SANFATS will moire than pay for itsetlf in savings appears to be "robust".

NOSC PARTICIPATION

NOSC coordinated the government side of evaluating the RCA proposal and pre-
paring tule MT contract. Contract nionitoring was primarily by Dr. R. L. Slather of Code
8211 (microwave antennas are a major topit in this code). Mr. Allen Newell of NBS wua
suppotied as an advisor on this contract.

(4 9
7%



It was thought that the role of a Navy laboratory should be to offer guidance and
judgii...i, to the Navy in takiag technical risks. Fortunately, the direst risks (risks to the
AEGIS program) did not materialize.* The technical priorities (the primacy of an excellent
programmed scanner, for example) were set early in the project. On some mechanical de-
tails there seemed to be as many opinions as there were advisors, whereas on computer soft-
ware there seemed to be little available advice. A coure of action on these details was
chosen after review of the information and opinions available.

CONCLUSIONS AND RECOMMENDATIONS

The AEGIS Near Field Antenna Test System (ANFATS) has been completed and
is in active use for acceptance testing of the AEGIS AN/SPY-I radar antenna faces. A sub-
stantial increase in the productivity of the antenna test process has been achieved. The best
use of this productivity is intimately involved with the specifics of the AEGIS program but
it is obvious that it can be used in several ways, for short term or long term goals and the
optimum usage is still being worked out. The ANFATS will more than repay its cost
($1.2M) over the planned AEGIS program.

It is recommended that future acceptance testing of the AEGIS antenna assembly
be done by near-field methods. It should be noted that this is a decision for AEGIS. This
recommendation includtesting after acceptance of the antenna assembly, however a
discussion of post-acceptance testing plans is not appropriate here.

From a broader point of view (and of more importance for the purposes of tihis
repowt) the ANFATS has worked out pretty much as planned. This means that the labora-
tory work which has been done on near-field antenna testing is adequate to support initial
industrial applications. The ANFATS experience supplics sorne cost figures and detailed
description of supporting techniques which will make planning of future near-fild test
systems inucli more certain.

IIn evaluating the proposal for ANFATS, it was apparent that the application to the
AN/SPY- I ant wnna was an especially favorable case for the planar near-field technique. Th'e
two main favorable items are 1) the very large prograin (AFGIS). and 2) the very complex
eledrival properties of the antenna.

In J general way the choice between near-field and far-field techiques rests on rea
.. ..tte costs, equipmet cost". staffing costs, versatility of the facility, and the differing
SadvanitinOis of tie let-eliniqusc. The last two depend on the mix of antenmas and the nature
of the mneasurements required. The costs for the two test meftlols differ in their distribu-
tion between first costs and continuing costs. Increasingly, 'suitable real estate for a far-
field range is not reasonably available which favors tile near-fieldd method. Thle. :warftiold
inethod, however, rcquires a relatively heavy Investment ti instrume0ntation and highly
wtchnical staff. Vhi inst.rumientation and staff is affordable if tile amount of measurement
information being handled is large. With the trend toward urbanization of Industrial land
and the trend to more technically soph|tticats d antennas an increasing numbor ofntear-field
test systemns will be built.

The suc=c"ss of nev. near-field antenna testing systems will depend oi flie quality of

the planning which goes into themn. There ii a good deal of experience being accumulated
|io thl us of sulh systens. Worldwido, there are a number of systeon under constrwution

l1u tttospoct, AliGIS progrum ha remalited on sdiodula withdn noaW libits.
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which are trying interesting new techniques. No commercial systems have been available
but this is expected to change. The reader who contemplates acquiring a near-field system
w-ll have a number of system choices and it is recommended that he assess his needs and
devise proper methods of making the choice, using estimates based on the available experi-
ence from existing systems. Sufficient experience exists that a reasonable quality of
planning is possible.

It is recommended that sorae planning problem areas be given specific attention. It
is mentioned above that the potential near-field user should carefully assess his needs. Very
likely his needs are multiple and disparate. In a typical situation of an industrial contractor,
a military service, and the nation (government) each of these will have different perceptions
of purpose based on the nature of their contractual relations and it is a management art to
achieve a unity of purpose. Given a purpose, the needs can be given a priority, a proper
method of making choices between alternatives can be devised and the needed technical
estimates be specified. Dollar cost is the usual common estimate unit. There seems to be
a tendency to underestimate the cost of precision measurement and adjustment. There also
seems to be a tendency to underestimate the cost of computer software. Both tendencies
may have a common source in that the necessary details for itemized estimation are hard to
work out in advance of the effort.

In spite of the propensity of underestimating costs, the near-field technology is a
very practical and effective technique and it is anticipated that its usage will grow consider-
ably in the near future.

.f-
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Antennas; planar scanning; near-field measurements

RCA has recently developed two major elements of an automated testing system
for phased array antennas. The testing system applie~ the near-field
technique for production acceptance test of the AEGIS AN/SPY-lA Phased Array
Antenna. The two elements developed are 1) the programmied scanner and
2) the computer programs for real-time control, beamforuier alignment*
calibration, data reduction. and test results display. The prograwed,
scanner scars the rf probe over an area 600 cm wide and 5S0 cm high in a
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raster fashion. Typical probe scanning velocities are: 15 cm/sec moving
vertically updard during data collection, 50 cm/sec moving vertically
downward during retrace, and 10 cm/sec moving horizontally (either step
or continuous). Probe position accuracies achieved are 0.016 cm RMS (X)
0.019 cm RMS (Y), and 0.011 cm RIIS (Z), where (X, Y) is the plane of probe
motion and (Z) is normal to that plane. Features of the computer programs
are program-directed calibration routines interacting with the test
conductor, test conductor selected test scenarios that are embedded in the
control program, and automatic calculation and reporting of any needed
antenna receive beamformer waveguide length corrections for antenna phase
alignment.
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PREFACE

This report is submitted as Contract Data Requirements List Item A006 under

Contr'act N00123-77-C-1091. It describes the work done under NAVSEA

Manufacturing Technology Program DNS-00475 for elements of an automated test

system for phased array antennas using the near-field measurement technique.

This contract was issued on 3 October 1977 by Naval Regional Procurement

Office, Long Beach, California. Technical direction for the contract was

provided by Naval Oceans System Center, San Diego, California. Dr. Robert L.

Mather, NOSC, Code 8211, was the assigned technical representative.

The work was done by RCA Corporation, Government Systems Division, Moorestown,

NJ 08057.
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SUMMARY

RCA has recently developed two major elements of an automated testing system

for phased array antennas. The testing system applies the near-field technique

for production acceptance test of the AEGIS AN/SPY-lA Phased Array Antenna.

These two major elements are the programmed scanner that is used for scanning a

waveguide probe over the radiating face of the antenna and the computer

programs needed for control of the scanner and measurement equipment, for

assisting test system calibration, for processing of the measured

data, and for display of the antenna's measured performance.

The Antenna Near-Field Test System being developed by RCA is illustrated in

Figure 1. A block diagram is shown in Figure 2.

Programmed Scanner - The programmed scanner, shown as Figure 3, was accepted

in November 1978 and has the following characteristics:

X Axis Y Axis Z Axis
Horizontal Vertical .J-to X-Y

Coverage 600 cm 550 an Fixed
Scan Velocity 10 cm/sec 15 cm/sec Fixed
Slew Velocity 10 cm/sec 50 cmisec Fixed

Probe Position Error

RMS 0.016 cm 0.019 cm 0.011 cm
Periodic 0.007 cm 0.007 cm 0.003 cm

20
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SFigure 3. Program•ed scanner: E. T. Hturfurth describes the carriage assemblyof the programmed scanner to (Left to Right) Dr. R. L. Rather,

NO0SC; and L. L. Co, ter, W. A. tarmening, 0. It. Rericer, L. A. Caplan,
all RM.•

Probe position error performance was four to five times better than the speci-

fied 0.08 cm and exceeds the needs of the AH/SPY-lA Antenna.

Computer P~r0.grAl - The block diagrhz of the co~uter programs developed for the

test system, are shown in Figure 4. These cotr4uter programs were developed on
i the RC.A Interdata 8/32 computer 'ksee Figure 5).

23
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Figure 5. Computer programs were developed on the Interdata 8/32 computer
system which is located in the control room shown in Figure 1.

In additi'.' to the antenna acceptance computer programs, a program was developed

to provide computer assistance during alignment of the antenna receive beam-

former. This program processes the measured near-field data back to the antenna':

aperture plane to identify which of the 68 receive subarrays is misaligned,

From this measurement data a waveguide length correction report is generated

-to direct which of the 88 waveguide runs must be adjusted and the amount of the

adjustment. These computer programs were accepted in December 1978.

Test System Housing - Housing the test system is an RCA supplied pre-enghelyed

insulated steel building with 40 by 50 ft floor area and 30 ft interior height

(see Figure 6).
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Figure 6. Test System Enclosure.

En ring Data.- Engineering drawings of the programmed scanner and its servo

cabinet and extensive computer program documents were pr.pared on this pv'ogram.

The computer program documents include a performance specification, a design

specification, a program description document for each subprogram, a data base

documento and Fortran 1,V listings for each program. This data is available

from NOSC, Code 8211.

End-of-CotitraSt Review - A program review and enO-of-contract demonstration were

conducted for representatives of government and industry in December 1978. The

results of the scanner performance measurements were shown as well as actual

perfortnance, Computer program architecture was discussed and selected computer

printouts were shown, Figures 7 and 8 show the participants of this meeting

during the fomal presentations and during the scanner demonstrations.

26
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Figure 7. Scanner Performance Demonstration: W. A. Harmening (right) demon-
strates the scanner assembly during the end-of-contract review.

Figure 8. End-of-Contract Program Review: The participants of the end-of-

contract presentations are listed in Table 1.
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Table 1. Attendees - End-of-Contract Review, 7 December 1978

Name Organi zation

W. A. Harmening RCA

J. Bloomer NAVSEC, Philadelphia, PA

L. L. Coulter RCA
D. A. Palmer Raytheon, MSO

J. C. Kuip RCA

N. E. Artuso RCA

R. M. Scudder RCA

K. Egan NSWC
R. B. Marcus NAVSEA
J. J. Augustyn NAVSEA Tech Rep

P, J. Dacri NAVSEA Tech Rep
J. Tweedie DCAS-Residency

J. Bor6wick ERADCOM U.S. Army - Ft. Monmouth
T. W. Morris Martin Marietta

C. Z. Kirchhoff Martin Marietta
R. E. Morath NSWC

0. Wilsker NAVMIRO, Philadelphia, PA

L. J. Clayton RC.

E. Schwartz RCA
E. Stagnitti Scientific Atlanta
0. Hess Scientific Atlanta

0. S. Henderson NWESA

0. Gamble NOSC

0. H. Mercer RCA
R. L. Mather NOSC
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Section 1

INTRODUCTION

1.1 Background

The present method of testing large phased array antennas uses a far-field

test range to develop antenna patterns. This method is quite lengthy,

requires hoisting a heavy antenna to an elevated pedestal, and has limited

diagnostic capability. Near-field testing is relatively short, is performed

inside the production plant, and has excellent diagnostic capability.

Studies authorized by the Naval Ship Engineering Center 1 ,2, US Army Missile

Command 3 , and studies by RCA AEGIS Production Planning have shown the near-

field method to have general application for production test of any antenna

and to be particularly suitable for large planar phased array antennas. The

laboratory work of the National Bureau of Standards and Georgia Institute of

Technology confirms this.

RCA plans to apply the near-fleld method to production test of the AEGIS

AN/SPY-lA Phased Array Antenna. Development of the test system is primarily

under the AEGIS Production Program with two major elements provided under this

Manufacturing Technology contract. RCA capital funds were used to provide

the test' system housing, computer equipment, and electronic measurement

equipment.

1. Newell, Allen C., "Application of Planar Near-Field Antenna Measurement
Techniques to Large Phased Arrays - Feasibility Study", NBS, Boulder, CO,
August 1976.

2. Frank, J., and G. C. Rose, "Comparison of Near-Field and Far-Field
Techniques for Acceptance Testing of SPY-1 Antennas," Technology Service
Corporation, Silver Spring, Maryland, July 1975.

3. Burns, C. P., and G. D. Rodrigue, "A Study of Comparative Costs for Far-
Field Antenna Patterns Determined by Near-Field Measurements and by Far-
Field 4asurements," Georgia Institute of Technology, Atlanta, Georgia,
January 1974.

m l m m ••q mw •m w mmmww•4lu l mmll ~m33
3= = R"•m••k. Jm•



1.2 Project Objectives

The objectives of the Manufacturing Technology program were to develop a pro-

grammed scanner and computer programs to satisfy the requirements of AEGIS

AN/SPY-lA antenna production test and to provide a technology directly useful

to industry. Further, the test system must be amenable to operation by non-

engineering production test personnel, be self-contained within the production

plant independent of outside equipment and personnel, and produce test data in

a form requiring minimal technical judgment for an accept-reject decision.

An objactive of the programmed scanner design, in addition to meeting its

technical requirements, was convenience in alignment adjustments and periodic

re-calibration. It was recognized that the scanner needed for this application

would be larger than any previously constructed and the height at the top of

the probe support mechanism could be as high as thirty feet from the floor.

This dictated a design that made the alignment features convenient to personnel

without the need for elevated personnel platforms.

An objective of the computer program was to provide assistance in aligning the

antenna's receive beamformer. The near-field technique appeared to be particu-

larly suited to measure antenna phase variations for prediction of antenna

beamformer waveguide length adjustments. Beamformer waveguide adjustments have

been previously made only after extensive measurements of each antenna subarray

in the far-field.
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1.3 Critical Requirements

The overall near-field system specification requirements were defined to

ensure a low probability of either acceptance of a defective array or

rejection of an acceptable array. These requirements were:

e Reference pattern gain measurement within +0.3 dB

# At least 80% probability that errors in measurement of -30 dB

sidelobes would be less than + 2 dB

* Beam pointing errors less than 0.25 mrad RMS

s Accuracy of beamformer phase characteristics of<20 RMS for array

column correlated residual errors and <3° RMS for subarray residual

errors.

The above requirements were then allocated to the various near-field subsystems.

The scanner subsystem requirements were thereby established as follows:

a. Fourier components of position deviation from commanded linear paths or

incremental positions in the X, Y, or Z coordinates were not to exceed

+ 0.020 in (0.508 mm) in the X, Y, or Z directions.

b. Total position deviation from commanded linear paths or incremented

positions in the X, Y, or Z coordinates was not to exceed 0.030 in RMS

(0.762 mm). This total error shall include the periodic errors of

(a) above.

c. The useful scan area was to be 6 m (X axis - horizontal) by 5.5 m

(Y axis- vertical).

35
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d. The Y-axis rate capability was to be up to 50 cm/sec (data collection

rate of ~15 cm/sec). The X-axis rate capability was to be up to 10 cm/

sec (data collection rate of- 5 cm/sec).

e. Appropriate self-protection features were to be incorporated. The design

was to include a high degree of component interchangeability and ease of

maintenance.

The critical requirements for the computer programs were established as

follows:

a. A real time controller was to:

* Control probe scanning for various test scenarios

# Collect measured phase/amplitude data during probe scan

* Multiplex measured channel, beam position, and frequency.

b. A calibration and pretest function was to provide the test conductor with

computer directed assistance for measurement subsystem calibration and

testing.

c. A data reduction and display function was to perform a near-to-far

field transformation, correct the measured data for probe characteristics,

display pattern contours, line cuts, local minimums/maximums, and

beam pointing error data.

d. A report to the test conductor was to show the needed corrections to the

antenna's receive beamformner to assure that antenna phase alignment was

correct.

36
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Section 2

PROGRAMMED SCANNER

2.1 General Description

The scanner mechanism (shown in Figure 1, page v) is a cantilevered tower

supported by linear bearings on two horizontal floor mounted shafts which

provide for a tower X travel of 6 m. A probe carriage is supported by linear

bearings on two vertical tower-mounted shafts which provide for a carriage Y

travel of 5.5 m.

A pair of pancake tachometers and a motor are housed together with a pair

of bearings to create the drive motor package used for either scanner axis.

The motor shaft drives a pinion gear (different size for each axis) which

engages a fixed rack gear in each axis. Figure 2.1-1 illustrates the tower-

mounted drive components for the X-axis.

U . TACHOMETER

DRIVE MOYOR

- LINEAR BEARINI

F- IXED RACK GEi

Figure 2.1-1. Tower-I$ounted Drive Components for X-Axis.
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Dual Digital (5 bit and 13 bit) encoders are driven from a separcte fixed

rack gear in each axis to report tower and carriage X and Y position to

displays and to the computer. These units are identical for both axes.

Figure 2.1-2 illustrates the tower-mounted encoder assembly for the X-axis.

%•: ••~iik•"ENCODER

- ENCOOER PNION GEAR

~ - ENCODER RACK GEARI DRIVE RACK GEAR

Figure 2.1-2. Tower-Nounted Encoder Assembly for X-Axls.

To minimize motor loads, the carriage is mass balanced by a counterweight and a

pulley system. Redundant steel cables Support the counterweight in the interior

of a tower structural column.

Both axes utilize a total of four identical limit switches to control over-

travel; in addition, six travel arresting buffers (four in X and two in Y) are

used to decelerate safely tower or carriage motion in excess of the travel

limits. Figure 2.1-3 illustrates carriage mounted buffers.
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CARRIAGE
-UPPER-LIMIT

BUFFER

.. "4 CARRIAGE

N4.. AASEM8LY

Figure 2.1-3. Carriage Hounted Buffers.

Au RF probe will be mounted to the carriage and is capable of being driven

by a closed digital control loop in a prescribed manner to collect RF phase

and amplitude data of the antenna under test.

2.2 Confi•uration Features

The cantilevered tower scanner Configuration is a departure from past practice

"and offers several features that are advantageous in a productiou test situation.

First, the scanner is independent of the building wall aed roof deflections

caused by varying external wind, stow/ict., or thermal loads. This is critical

since such deflections can perturb Whe RF probe's X, Y, and Z positions yielding

erroneous test results. Second, the scanner tower and carriaae can both be

comoletelv covered with PF absorber to minimize multiple reflecti.oas.
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Third, the critical X axis rails are readily accessible for alignment

checks and realignment if necessary. In addition, the linear bearings,

motors, tachometers, pinion gears, encoders, limit switches, buffers and

electrical junction boxes for both axes are accessible from floor level

for maintenance, repair and replacement with or without the test antenna

in place.

The RCA system resides in a temperature controlled environment.

This and the all steel construction of the scanner, excluding the

aluminum linear bearing pillow blocks, minimizes thermal deflections

of the RF probe to improve measurement accuracy.

RCA recognized early in the program that the scanner/servo dynamic performance

would play a major role in establishing the overall probe positioning accuracy.

For this reason, considerable effort was expended in the detailed system con-

figuration design to overcome recognized sources of dynamic error. The solu-

tion consisted first of minimizinq external and self generated

load disturbances and second of designing high stiffness structural elements

in the critical load paths.

The external load disturbances were minimized by mounting the scanner and the

test antenna on a 12 in-thick re~nforced concrete pad isolated from

the building.

The use of standard rack and pinion gearing to avoid flexible elements in the

drive train partially resolved the self generated dynamic loads thatcan arise

from drive motor forces. Further, the servo tachometer loops include electri-

cal compensation networks to provide damping for the entire s.tem. This is

a fundamental improvement over other existing near-field scanners.
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Self generated disturbances can also be created by the linear bearings used

to restrain the tower or carriage statically. This configuration would normally

require extremely tight tolerance control on shaft "gauge" (distance between

shafts) to avoid stick-slip motiQn. These problems are partially overcome by

articulating the single bearing on the shaft so that "gauge" variation effects

are minimized. In addition, the drive motor is placed midway between the two

bearings on the primary shaft with minimum offset between the shaft and drive

rack gear to equalize bearing loads, to minimize lateral bearing forces, and

to reduce the tendency for stick-slip motion.

2.3 Operational Description

The near field (X-Y) scanner employs a single RF probe antenna which is

J s cahned over a planar surface parallel to and separated a few wavelengths

from the aperture of the test antenna. A microwave receiver is connected

to the test antenna port of interest and the amplitude and phase of the RF

signal received at the probe antenna are recorded at intervals of typically 3 cm

over the planar surface.

To obtain far-field test antenna parameters, the array of digitized disk record.

ed near-field data is transfomed to the far-field via digital computation, and

corrections are made for the characteristics of the probe to obtain the desired

antenna gain and radiation patterns. For production acceptance testing, It is

planned that acceptance criteria will be defined in tev'ms directly related to

far-field parameters and accept-reject decisions will be a software function.
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A minicomputer is utilized to control the scanner, the test antenna beam

position, the s-band test frequency, and the sampling of the near-field data.

2.3.1 Scan Definition

As defined previously, the near field RF amplitude and phase data are sampled

at 3 cm intervals (X and Y) over the active scan area of 6 m (X) by

5.5 m (Y).

During a data collection scan, the probe carriage is driven at a constant

velocity in the Y direction from the bottom to the top of the coverage

area while the tower is maintained in a fixed X position. A slew speed

return of the probe carriage is executed in the Y axis and simultaneously
ithe X axis is incremented 3 an in preparation for the next cycle of data collec-

tion. This process takes less than 1 min; however, the above cycle is repeated

for 201 lines of data collection and therefore requires about 3 hr. All of the

above actions are performed with digital position loops closed through the

computer.

The slew speed Y axis return of the probe carriage is at a rate of 50 cm/sec

and requires 11.7 sec. This time is utilized for equipment calibration,

quick looks at the phase data collected, and for sorting and transfer of data

from computer memory to the disk.

Although consideration was given to collection of data in both directions

of carriage motion, it was concluded that the above features were necessary

and that data reordering and sorting for the opposite scan direction was an

unnecessary complication. Further, the acceptance tests to be performed on

the test antenna require data from four antenna channels at three

freqjencies at a number of steered beam positions. Thus multiplexing of

antenna channel, frequency, and beam position would further complicate
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"sorting of data collected in both directions.

A typical data collection scan speed is 15 cm/sec; this speed is controlled

by the computer and is a function of the amount of data collected.

Multiplexing allows collection of as many as 100 data streams (product of the

number of test antenna channels, frequencies, and beam positions) in one scan

run. This capacity is limited by available disk space. The software control

programs have been arranged for flexibility in selection of the actual data

streams to be collected, the probe velocity, and the scanner tower positioning

for data collection at this velocity.

In addition to the normal data collection during the Y scan with the X axis

fixed, the scanner may be operated with the Y axis fixed and data collected in

the X direction. This data collected is called a tie scan, and the data col-

lected is utilized to normalize all scan data collected in the Y direction to

account for time- or temperature-dependent drift in the electronic equipment.

2.3.2 Acceleration Control

It is expected that the tests of each antenna will require several 3-hr scans

to perform all alignment work, to perform portions of the acceptance tests,

and to perform the final acceptance tests. Since several antennas will be

tested, each with several full scans and 201 axis scan lines per scan, the

_ scanner wearout becomes stignificant. For this reason and to avoid dynamic

excitation of the scanner, acceleration control has been given careful atten-

tion.

In starting the constant velocity data collection scan, it is possible to im-

pose a step input of the commanded scan rate instantaneously. However, this

tends to excite dynamic modes and is abusive of drive train gears and bearings.
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For this reason, the acceleration torque actually imposed is a half cycle sinusoi

This torque characteristic is obtained by imposing feed-forward signals in

the scanner position loop during the acceleration/deceleration period. This

in effect causes the scanner to reach data collection velocity smoothly. This

feature, as compared to step commanded velocities, does require additional travel

to accelerate to data collection speed. Approximately 3 cm of travel have been

allocated at each end of each axis for this purpose. This travel is in addi-

tion to the 6 by 5.5 m active coverage area.

2. 4 Error Allocation

An early task, critical to scanner design, consisted of identifying RF probe

position error sources and establishing values for each contributor. The

initial design error budget is shown in Table 2.4-1. This tabulation is

based on scanner geometry that has become obsolete due to probe relocation.

However, it does point out the need for precise linear bearing shaft alignment

as indicated by the large values for items 1 through B of Table 2.4-1.

The final scanner geometry is shown in Figure 2.4-1; a second, revised error

budget (updated for final geometry only) is shown in Table 2.4-2. This

error budget is based upon the selection of a particular method for obtaining

scanner alignment. The method selecteJ by RCA is predicated upon the use

of a laser straightness interferometer as the basic alignment tool. Thus,

the error budget is based upon the ability to measure straightness error

of long linear bearing shafts.
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Figure 2.4-1. Scanner Geometry and Coordinates.
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In establishing the error budget, the scanner tower and carriage are each

-. viewed as bodies with 6 degrees of freedom. For each body one of the three

translations (X, Y, Z) is the desired scanning motion and two constitute

errors. All three angular motions (pitch about Z, roll about X, and yaw about Y)

are error sources.

In assessing RF probe position errors due to tower or carriage motion, one of

the three bearings is selected and considered to undergo pure (three axis)

translational motion only. The remaining two bearings are then viewed as

imparting the three rotational motions of the tower or carriage. These

rotational motions are generated by linear displacement of the remaining two

bearings with respect to the single translating bearing but displaced from

this bearing by fixed dciit-Aces yielding rotational angles.

For example, item 1 of the error budget (Table 2.4-1 or 2.4-2) refers to the

vertical plane of the primary bearing shaft for the X axis and is associated

with an alignment straightness tolerance of 0.002 in.

Figure 2.4-2 illustrates the derivation of the probe position errors (AX a

13.9 mil and AY - 3.1 mil) for this case. The worst-case phasing of the

rail straightness error curve is assumed to avoid imposing a phasing tolerance

on the alignment process. This assumption permits alignment flexibility since

trade-offs between measured angle and straightness errors are permissible.

The following equations define the error values associated with line items I

through 6 of the error budget (Table 2.4-2) and are based on the geometry shown

in Figure 2.4-1 and the straightness/parallelism tolerances used for alignment:
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Budget Line 1 - Primary X Rail, X-Y Plane

(0.002 in straightness, tower pitch angle =+12.5 arc sec max.)

&X= (N + YC - S) 2 (0.002 4(912 + 220 - 3) = 0.0139 in (13.9ril)

dx 3) (1009 mil)

AY (Q + R) 2 (0.002) + 0.002 (5 + 13) 0.04 + 0.002 40.0031 in (3.1 mi
AY(Q+R) dx

Budget Line 2 - Primary X Rail, X-Z Plane

(0.005 in straightness, tower yaw angle = +31.25 arc sec max.)

ad = (T + P) 2 (0,005) = (21 + 2) (01 -- 0.0035 in (3.5 mil)

AZ = (Q + R) + 0.005 = (5 + 13) (0O01) + 0.005 = 0.0077 in
(7.7 mil)

Budget Line 3 - Secondary X Rail, X-Y Plane
(0.003 in oar'allel to line 1. tower roll angle +9.5 arc sec max.)

Y-(T_ P) 0.003 = (21 + 2) (003) 0.0021 in (2.1 mil)

(0.003) 003
4Z:(N + Yc - S) a- ) , (12 + 220 -3) (• ) a 0.0105 in (10.5 rl)

BudgetLine 4 - Primary Y Rail, X-Y Plane

(0.004 in straightness, carriage pitch angsle w 88 arc sec max.)

AX (S) 2(.004- 3 (0,008) 0.0053 in (5.3 mil)

Sy 18.75

4 Y (R) L . )0 a 13 (0408 0.0055 in (5.5 Mil)
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Budget. Line 5 - Primary Y Rail, Y-Z Plane

(0.004 in straightness, carriage roll angle = + 88 arc sec max.)

AY T2 (0.004) =21 (0.008) = 0.0090 in (9.0 mil)Sy

-•' 2 l(0.004) + 0.004=3(0.08) +0.004 0.0053 in (5.3 mil)
• Sy

Budget Line 6 - Secondary Y Rail, X-Y Plane

(0.004 in parallel to Line 4, carriage yaw angle = + 67.35 arc sec max.)

O0 004 0. 004
aX= (T) - = 21 2 0.0069 (6.9 nil)

7-z- 12.25 0.09in (. iI
-AZ R (2.004• 000

0 04 - 13 W ,--) 0.0042 in (4.2 mil)

The values for budget line items 7, 9, 10, and 11 are defined by vendor-supplied

-- data for the components selected.

The X to Y orthogonality error of 0.008 in (line 8 of the budget) is a tol-

erance selected for alignment of the primary X and Y bearing rails In the

X-Y plane. The X rail is set vertical in the Y-Z plane to approximately one

arc min and does not appear as an error because the test antenna is aligned

to a best fit X-Y plane defined by scanner calibration.

The data rack gear total composite error (line 12 of budget) is based on the

use in each axis of 22 11-in sections of a PIC precision three rack.- Each

section has a total composite error of 0.0006 in. The alignrmat t"If 1"a, e

value entered in the error budget is 0.0006 V22 or 0.0028 In . The

rack gear runout alignment value of 0.005 in yields an error of 0.0018 in

1.8 mil) based on a tooth pressure angle of 200. The runout tolerance of 0.005 in
Vt• 5 I
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refers to lack of parallelism between the data rack pitchline and the primary

rail alignment in one plane (X-Z plane of primary X rail and Y-Z plane of

primary Y rail).

The remaining budget values (items 14 through 17) have been generated by

analysis.

The error budget as shown in Table 2.4-2 has served the intended purpose of

defining alignment requirements. Measured scanner errors

show that all significant error sources have been identified.

It is noted that the RSS values of Table 2.4-2 are statistical representations
of the worst-case errors expected, whereas the RMS values listed represent the
specification for expected probe tip RMS errors; thus the error budget is very

conservative.

2.5 Mechanical Design

The following material presents the details of the major scanner mechanical

elements. The scanner assembly and details are defined by RCA drawing number

8364786.

2.5.1 Linear Bearings and Shafts

The scanner tower horizontal motion is achieved by mounting a Thomson

linear ball bushing (Thomson Part SUPER-32-OPN) at each corner of the tower base.

These bearings have a 2 in bore selected for conservative load-life ratings.

The three linear bearings are supporteu on two, 2-in 00, steel shafts: two

on the front (primary) X rail and one on the rear (secondary) rail. Both rails

are supported by heavy floor mounted "Is beams.

S*1
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The Y axis rail configuration is identical, except the basic bearings have a

3/4 in bore (Thomson Part SUPER-12-OPN) and the rails of course are mounted

vertically on the tower structure.

The shafts for both axes are fabricated of 1060 steel by Thomson and are case

hardened to RC60. Because the required shaft lengths are not obtainable as a

single piece, they are butt joined with an axial dowel pin press fitted at one

end and slip fitted at the other end. Figure 2.5-1 shows the X shaft during

assembly.

IA

ftm-

I Figure 2.5-1. X-Axis Shaft During Assembly: The X Shaft Segments are Joined
, | wiVh an Axial Dowel Run,

The bearings are housed in aluminum pillow blocks obtained from Thomson (Part

Numbers SPB-32-OPN and SPB-12-OPf). Except for these Pillow Woc.-s, the entire

I scanner is constructed of steel.

The single bearing on the secondary shaft, in each axis, is connecrted to the
•.; ~towe or carriage using fafnir rod end bearings. This red end ari'.culatioh
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(ball and socket joint) permits +1/32 in variation between rails in the plane

of both. This variation is of nio significance in defining or controlling

scanner accuracy and avoids tight tolerance control as well as preventing

significant lateral forces from developing on the bearings.

Preventing lateral force buildup decreases tendency for stick-slip motion

when driven by a motor and permits achievement of smooth scan motions.

2.5.2 Drive Motors, Tachometers, and Gears

The motor and dual tachometer assembly is interchangeable between the X and

Y axis except for the output pinion gear. The drive gear rack for each axis

is a standard, 12 pitch, 200 pressure angle steel gear (Boston Gear Part Number

L2012-6) with a 1 in square sectior, built up with 6 ft-long sections.

The drive pinions are also 12 pitch, 200 pressure angle gears with a 1 in

facewidth. The gear for the X axis has a 1.8333 in pitch diameter (22 tooth), and

the gear for the Y axis has a 4 in pitch diameter (48 tooth). These gears are

custom made of SAE 4340 steel heat t reated to RC 38,

I The drive motor is an Inland pancake, brush type DC torque (Part Number QT6202)

* with a samarium cobalt magnet field assembly. This motor is 1.24 in long, has

* an OD of 7.20 in and an ID of 3.94 in, and is rated at 11 ft-lb peak (stall)

torque. The power amplifier output, however, is current limited so that the

maximum torque developed in this application is 7 ft-lb.

Dual tachometers are housed with the above motor. The tachometers are Inland

SPart TG2936C) pancake units, 3.730 in OD, 1.640 in ID, and 1.240 in long.

S| The motor and both tachometers are placed in a built up housing and supported

with Kaydon ball bearings at one end and a matched preloaded set at the pinion

gear end of dhe housing.
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2.5.3 Position Encoders and Gearing

Scanner position information is required from both axes to communicate with

the minicomputer, to drive servo cabinet readout displays, and to close

a manual position loop on the servo cabinet. The encoding system used is

identical for each axis and is a two-speed, 18-bit, electro-optical system.

The 13-bit fine encoder and the 5 bit coarse encoder are obtained from Itek

(Part Numbers RA13/23CMX and RA5/23CMX, respectively). The coarse encoder is

coupled to the fine encoder shaft by a 32:1 ratio (25) gearbox; the fine

encoder will then rotate 32 revolutions for one revolution of the coarse

encoder (turns counter for fine encoder). The shaft of the fine encoder is i

0
turn driven by an antibacklash, 24 pitch, 20 pressure angle, 60-tooth (2.5 i

stainless steel gear obtained from PIC (Part Number P7-2-60), as were all en-

coder gears and gear boxes.

This gear engages a 24 pitch, 200 pressure angle, precision three rack gear

obtained from PIC (Part Number AG-31-P3) in 1C.9956 in lengths.

With the above gears, the encoders are capable of uniquely encoding over a

lineal distance of 638.7 cm, which is in excess of the required X- or Y-axis

travel.

2.5.4 Buffers and Limit Switches

Travel-arresting buffers were obtained from Ace Controls (Part Number SAHS-

3/4 in bore, I in stroke). Two buffers are mounted on the carriage arranged

to arrest carriage motion at both travel extremes. Four buffers are mounted

in pairs at the base of the tower, one pair is arranged to arrest tower motlo

at one travel limit and the second pair at the other travel limit.
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Four microswitches (Micro Switch Part Number 23EN9-G) are mounted on the

scanner, two on the carriage and two on the tower. These switches have gold

plated contacts to prevent welding. The switches are located and adjusted to

open just prior to contact with the travel limiting buffers to prevent appli-

cation of drive torque in the direction of the violated travel limit. The

motor can be driven away from this limit.

2.5.5 Counterweight System

The carriage is mass balanced using a dual cable system over two pulleys at

the top of the tower and a ccunterweight interior to the 6 in by 12 in

tower box beam. Mass balance of the carriage thereby reduces drive motor

torque requirements. The cable compliance determines the carriage dynamic

resonance frequency which is of concern for the Y-axis rate loop.

In addition, the counterbalance mass swings as a pendulum for X-axis accelera-

tions; thus the counterweight has been protected with sponge rubber to minimize

dynamic perturbations caused by X-axis acceleration.

2.5.6 Structural Arrangement

The scanner is structurally very simple, consistine of a carriage, the tower

and the foundation. (See Figure 3, page v.)

The carriage is weldment fabricated from ASTHi-A36 steel tubing, 3/4 in

square by 0.060 in wall thickness. The carriage has provisions for mountl:ig

the RF probe, the RF linkage, and RF absorber on the front face.

The tower is also a weldment with the vertical columns fabricated from AST14 ASO,
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GRB steel. Two of the columns are 6 in square with a 0.18 in wall, and the

third is a 6 in by 12 in by 0.25 in wall. All bracing struts are of

ASTM A36 steel, 1.75 in square with a 0.12 in wall.

The 6 in by 12 in by 0.25 in wall column dimensions were selected for size

compatibility with the Y-axis linear bearings and the drive rack and data rack

gears.

This column provides a stiff load path for the Y-axis and is a key element

in the tower bending stiffness. The remaining tower columns were selected

to equalize as much as possible the tower section inertia about orthogonal

axes as defined by the tower sectional geometry and the sectional properties

of the three columns.

The X-axis primary bearing shafts are supported on standard wide flange steel

beams, WF l0 X 112 for the primary rail and WF 8 X 48 per ASTM A36 for the

secondary rail. These beams are permanently clamped and grouted to the con-

crete base. The base is a 12 in-thick reinforced concrete slab (15 ft by

31 ft) isolated from the floor of the building.II
The tower face will be covered with RF absorber to minimize RF reflections.

2.5.7 Bearing Shaft Support§

¶ The X-axis and Y-axis linear bearing shaft supports are similar for both axes

The support consists of a steel tee section with a single bolt through

the tee leg to a hole tapped into the linear bearing shaft at each

support point. The support vertical and lateral adjustment is obtained us-

ing a six-bolt pattern on the tee crossbar; three of the bolts are jacking
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screws and three are holddown bolts. Lateral motion is achieved by differ-

ential operation of the jacking screws; thus vertical and lateral adjustments

are not independent.

It is desirable to have independent support adjustment capability, and such sup-

ports are available from Thomson. However, the low stiffness for the available

X-axis supports could have resulted in a low frequency tower rocking mode.

A low-frequency rocking mode will impact the Z-direction accuracy as well

as the X-axis servo rate loop capability, and is therefore not acceptable.

The Y-axis shaft supports are not critical dynamically, and the standard Thomson

independently adjustable supports could be used. This would undoubtedly de-

crease the time spent in aligning the Y axis rails and would be cost effective.

The X-axis rails were easier to align than the Y-axis rails because of the great=

stiffness of the shaft, the "I" beam base, and the reduced support spacing.

Although the independent adjustment feature is not as necessary in X, it is

possible that the standard Thomson support could also be used here by increasing

the bearing shaft diameter and/or reducing support spacing to obtain sufficient

stiffness to control the tower rocking modes.
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2.6 Mechanical Alignment

The Scanner Assembly requires careful alignment to fulfill the probe position

tolerances specified in Section 2.4. Other alignment constraints were imposed

to assure proper system operation in addition to the alignment parameters

defining probe errors above.

The total scanner alignment problem is thus a sizeable task requiring con-

siderable skill, time, and patience to achieve an acceptable system.

2.6.1 Alignment Criteria and Considerations

Table 2.6-1 repeats alignment tolerances impacting probe position errors;

this data is extracted from Section 2.4. Table 2.6-2 defines additional

alignment tolerances required to meet other system functional parameters.

Both tables are based on the scanner coordinate system defined in Figure 2.6-1.

As defined in Section 2.4, the linear bearing shaft straightness and parallel-

ism requirements are entered in the error budget as translations plus worst-

case angle rotations. This is done to simplify the alignment criteria and

is predicated on the use of a laser straightness interferometer as the

primary alignment tool.
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Using the straightness interferometer, the bearing shafts are aligned until

the straightness requirement has been met over a major portion of the shaft

length. The actual angle variations are then measured directly or calculated

based on the straightness data and known bearing separation. The angle and

* straightness data together then define the actual probe position error con-

tribution and eliminate the worst case angle assumption. If the angle errors

-- are appreciably less than the worst case angle assumed, then further reductions

of the straightness errors are not required. In effect a tradeoff between

contributions is performed to determine the need for additfonal straightness

adjustments.

2.6.2 Alignment Method

The laser straightness interferometer was the basic alignment tool; however,

other equipment was also used as identified in Tables 2.6-1 and 2.6-2.

The straightness interferometer consisted of a Hewlett-Packard HP5500C Laser

Head and HP5505A Laser Display with option HP031 Long Range Straightness Inter-

ferometer, HP10579A Resolution Extender and Adapter and HP10691A Straightness

Interferometer and Reflector. For bearing rail alignment the straightness inter-

ferometer was placed as close to the rail centerline as possible to minimize

the impact of other errors.

Tower vertical angle measurements were obtained with a Hllger-Watts clinometer.

2.6.2.1 X-Axis Alignment

The initial X-rail alignment was accomplished using a special tool which essen-

tially replicated the tower base to permit X- and Y-rail alignment to proceed in

parallel with a single laser system. Final X-axis alignment was

performed with the actual tower in place. Figure 2.6-2 shows the special

tool fitted to the X rails.
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ALIGNMENT

TOOL

Figure 2.6-2. X-Axis Rail Alignment Tool.

"CLINOMETER

Figure 2.6-3. A clinlueter is used to measure tower
vertical angle deviations.
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The X-axis primary rail is a 2.00 in diameter shaft, 320 in in length, sup-

ported at 10 in intervals. The rail straightness in the Y and Z directions

was measured at 5 in intervals along the length of the rail with the laser

straightness system. There is an inherent slope to the straightness data with

this measurement technique. Therefore, the data was reduced by the Least

Square Fit method to obtain an error record at each measurement point. With

the error record defined, the rail position was adjusted at each support to

reduce the straightness error. The rail supports feature an adjustment capa-

bility of a three bolt jackinq screw arrangement configured about a three

bolt clamping pattern. The jacking screws were manipulated to lift or rotate

each support into the required position. This process was reiterated until

the straightness tolerance was essentially achieved. As this laser system

is capable of measuring only one plane of straightness at a time, adjustments

were alternated between the orthogonal planes. Dial 'indicators were used

to monitor the second plane during adjustments.

Clinometer readings or calculated angle variations were then obtained to

determine the need for further straightness adjustment with respect to budgeted

errors.

In addition, the clinoneter was used to measure the level condition of the

primary rail; out-of-level data was incorporated in the straightness adjustment

procedure for the vertical plane of the X-axis primary rail. Figure 2.6-3 shows
the tower clinometer measurements.

The secondary rail horizontal plane was first adjusted by the dial indicator to

+ 1/32 in of parallelism of the primary rail horizotal plane.
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The secondary rail parallelism to the primary rail in the vertical plene was

assessed by direct clinometer measurement of tower roll angle at intervals of

one-half the rail support spacing. The angle measurement was then converted to

vertical plane straightness errors of the secondary rail and adjustments made

to correct tower roll angle errors.

2.6.2.2 Y-Axis Alignment

The straightness for the Y-axis primary rail in the X and Z directions was measured
I- ýqat 6.5 in intervals along the 247 in long, 0.75 in diameter, Y shaft which

is supported on 13.00 in centers. The straightness data was reduced as

described for the X rail and adjusted in the same manner with the rail supports.

No leveling condition had to be considered in the Y axis.

The Y-axis rail alignment was accomplished with the tower placed horizontally and

with the Z axis perpendicular to the floor. Thus, clinometer readings were obtain• 4
as indicated in Table 2.6-1, and tradeoffs between straightness and angle varia.

tions were considered, as before, to determine acceptability of the straightn"ess

adjustments. Figure 2.6-4 shows the laser equipment measuring rail straight-

ness. Figure 2.6-5 shows the Y-axis rail clinometer measurements.

2.6.2.3 to V Orthogona.i-ty

* q The X-axis tj Y-axis rail orthogonality in the Y-Z plane was measured with a pluab

bob. The X-axis secondary rail rod end bearing length was adjusted to suit the re-Ii quWiWnt. Determination of the orthoqonality in the X-Y plane (itm 8 of error

b'.dgeti necessitated use of the HP Option 031 system in conjunction with the

HP10693A Vertical Straightness Adapter, HP14P 691- Optical Square, and HP1OSS8A

Beam Bender. The reasuring configuration required optical setup compatibility of
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Y-direction straightness on the X-axis with X direction straightness on the

Y axis. The inherent slope in straightness data for both measurements together

with the known calibration of the optical square is utilized to determine the

orthogonality value between the two axes at a particular tower X location. One

pillow block of the tower on the X-axis primary rail was shimmed until the re-

quired orthogonality was obtained.

4 2.6.2.4 Gear Alignment

The drive and data rack alignments for both X and Y axes were measured with a

dial indicator located at the motor or encoder pinion position, accordingly.

The individual racks and/or rack supports were shimmed to meet ue 'pecified

tolerances normal to and parallel to the-pitch plane.

2.6.3 Alignment Results

2.6.3.1 Rail Assembly Goals

The rail straightness requirements budgeted in Table 2.4-2 served as the

- assembly goal for rail alignment. In addition, they are important to the

final scanner accuracy calibration discussed in Section 2.7. Therefore,

the final straightness alignment measurements are summarized in

Table 2.6-3.

2.6.3.2 Alignment Acceptance

The final scanner alignment status is summarized in Table 2.6-3, It is

noted that the straightness tolerance is not achieved in all cases; however,

the measured angles were less than the worst case values assumed thereby

achieving an acceptable error contribution.
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2.7 Scanner Calibration

2.7.1 Calibration Error Model

The scanner probe tip positional errors AX, AY and AZ are described as a func-

tion of the probe X and Y encoder readout positions (Xen, Yen) by the

fl .: llow/-..- ;!• ,- •,.oa'.ions.:

AX (Xen, Yen) AX (Xen, Yinit) +6X (Xinit, Yen) - Y [9 (Xen, Yinit)]

(2.7-1)

AY (Xen, Yen) AY (Xinit, Yen) + AY (Xen, Yinit) (2.7-2)

AZ (Xen, Yen) AZ (Xen, Yinit) + AZ (Xinit, Yen) + Y [1 (Xen, Yinit)]
(2.7-3)

where: Xen : X encoder readout position, cm

Yen Y encoder readout position, cm

Xinit X encoder readout position for X-mechanical zero,

stow position, cm

Yinit Y V encoder readout position.for Y-mechanical zero,

stow position, cm

Y Yen- Yinit' cm

9 : tower pitch angle, radians

0 : tower roll angle, radians

In order to assess fully the scanner accuracy, each of the eight variables

comprising the three equations above was measured at 3 cm + 0.01 CM intervals.

Those variables dependent upon Xen required 203 data points; those dependent

upon Yen required 187 data points. The computation of the three error equa-

tions for all Xen, Yen describe AX, AY, and AZ with 37,961 data points each,

on a 3 cm by 3 cm grid over the scanner coverage of 6 m along X by 5.5 m

along Y.
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2.7.2 Calibration Method

The data collection for the eight variables is divided into three types (linear,

straightness, angular), each requiring a particular instrumentation combination.

2.7.2.1 Instrumentation

Basic Hewlett Packard Laser System:

HP5500C Laser Head

HP5505A Display Meter

Hewlett Packard Option 010, Linear Interferometer:

HP105658 Remote Interferometer

HPlO550B Reflector

Hewlett Packard Option 031, Long Range Straightness

Interferometer:

HPlO579A Resolution Extender and Adapter

HPlO691A Straightness Interferometer and Reflector

Hewlett Packard Accessories:

HP10558A Beam Bender

HP10692B Optical Square

HP10693A Vertical Straightness Adapter

Hilger-Watts Clinometer

2.7.2.2 Linear Interferometer Measurements

The two encoder calibration measurements, AX (Xen, Yinit) and AY (Xinit,

Ye), were each obtained using the basic HP laser system with Option 010.
en

The tower was stowed at Xinit for the AY (Xinit, Yen) measurement. The

carriage was stowed at Yinit for the A~X (Xen, Ynit) measurement. The
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reflector was fixed at the probe tip location in both cases. Data from both

the encoder readout and the laser display was recorded in pairs at 3 cm in-

tervals of the encoder readout for full travel in both X and Y.

The error record input to the calibration reduction routine was derived

from these data pairs. For AX (Xen, Yinit) the difference between the laser

and encoder readouts was determined. Because the error was unidirectional,

an average error was computed. The final error record, &X (Xen, Yinlt), was

then the difference between the direct error and the average error. For

AY (Xinit, Yen) the difference between the two readouts was determined. As

this error was not unidirectional, no averaging was desired and this remained

the final error record for the calibration reduction.

2.7.2.3 Straightness Interferometer Measurements

The four straightness calibration measurements, 4Z (Xen, Yinit), AZ (Xinit,

Yen), AX (Xinit, Yen), and AY (Xen, Yinit),were obtained using the basic HP

laser system with Option 031. The tower was stowed at Xinit for the two mea-

surements dependent on Yenand the carriage was stowed at Yinit for tNz two

mea-urements dependent oc Xen. The interferometer was fixed at the probe tip

.isition. For aZ (Xinit, Yen) and aX (Xinit, Yen) the vertical adapter,

optical square, and beam bender were incorporated in the optical path for ease

of handling and aligning the other optical elements.

Data for both aZ (Xen, Yinit) and aZ (Xinit, Yen) was recorded from the laser

display and encoder readout in pairs at 3 cm intervals for full travel in X

or Y, accordingly. A linear regression analysis was used to describe a Least

squares fitted straight line and to determine the error from that line at each

measurement point. Thus, these two error records were compiled for the cali-

bration reduction.
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The elements AX (Xinit, Yen) ano AY (Xen, Yinit) are related by the ortho-

gonality between the X and Y axes in the initial stow position of the tower.

The orthogonality measurement is described in Section 2.6. As before, the

laser display and encoder readouts were recorded in pairs at 3 cm intervals

for each measure,,ient. Thp individual data sets were re!o.:ed for AX and AY

errors with the linear regresslr ',.. in addition, the orthogonality

between Lne two axes was determined mathematically from the slopes of the two

data sets (with respect to the optical square and reflector reference) and

the known optical square calibration factor. Because this is the measurement

of orthogonality at the tower stow position, the value determined is the initial

pitch angle value.

2.7.2.4 Angular Measurement

The two angular data sets, 9 (Xen, Yinit) and 0 (Xen, Yinit), for tower pitch

and roll angle excursions were obtained with the clinometer. The clinometer

was clamped to the tower base in one of two orthogonal locations. Data was

recorded in pairs from the clinometer and encoder readout at 3 cm intervals.

The absolute values of the clinometer readings were of no significance, but

the relative values create the desired error information.

For the pitch angle error record, an intermediary record for each measurement

point was created of the average of all the measured values subtracted from

each measurement. Then, an adjustment value, equal to the difference between

the orthogonality value and the measured pitch angle in the tower stow position,

was subtracted from each of the data points of the intermediary record.

This initialized the tower pitch angle to the orthogonality value and des-

cribed the deviations from that initial value over full tower travel.
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The roll data is not associated with an initializing value, and therefore the

average of all the measured angles was subtracted from the measured data to

describe the error at each point.

2.7.3 Calibration Data Reduction

The calibration measurements and their individual reductions described above

develop five two-dimensional fields of 203 error measurements distributed on

the X axis and three two-dimensional fields of 187 measurements distributed

on the Y axis.

Equations 2.7-1, 2.7-2, and 2.7-3 were used to generate the AX, AY, and AZ

values over the entire X-Y coverage area of the scanner. Each of these three

fields then contains 37,961 error values.

For the &X and aY error fields, the RMS values and the 20 worst-case error

i values with their associated Xen and Yen coordinates were identified. The

6Z values were subject to a multiple linear regression analysis to determine

the least square error fitted plane. The three coefficients defining the

plane were identified. The error between that plane and the aZ error field

was determined as well as the RMS value of all those errors. The 20

errors of greatest magnitude were identified with their associated Xen and

S( Yen coordinates.

The harmonic or spectral content of the probe tip UX, 0Y and &Z errors was

next assessed by use of a two-dimensional Fast Fourier Transform (FFT). The

two-dimensional discrete Fourier transform, A (mi, n), is a mapping into the

two-dimensional sequence of Fourier cmfftcients. A (K. 1). defined by:
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A (K, 1) Nx N Y ALlr (m-1) (K-1) + yyn
NxNA (in, n) exp ([-ji (K-i)N m=1 n=1N

where K = 1, ... Nx

1 = 1, . . Ny

and Nx = the total number of points on X

Ny = the total number of points on Y

AX and AY are evaluated as the complex pair

AX + jAY for all m and n

Zis evaluated as the complex number

AZ + jO for all m and n

The calibration data evaluatinn 'ctrput.r program identifies any components A (K, 1

Qreater than any value arbitrarily specified by the program user.

2.7.4 Calibration Results and Discussion

The near-field scanner calibration data was recorded, reduced, and analyzed

as described in the preceding sections.

It is observed that the calibration measurements performed are for a static

situation and do not include thermal effects. Errors due to thermal variations,

thermal gradients, dynamics, and servo transient errors (lines 14 through 17 of

Table 2.4-2) are not assessed with this calibration method.

The comparison of errors obtained from calibration measurements and specification

requirements is presented in Table 2.7-1. The RMS values of the position

errors at the probe tip are significantly better than the requirement. This im-

proves the accuracy of the antenna measurements. In addition to the specification

requirements, mean and maxima error data is presented to offer-almore complete

representation of scanner accuracy.
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Table 2.7-1 Calibration Results

MAXIMUM HARMONIC
RMHS PROBE ERROR, COMPONENT ERROR,

AXIS m (in) c (in)
MEASURED SPECIFIED MEASURED SPECIFIED

X 0.0159 X + JY
(0.0063) 0.0762 0.0072 (0.020)

Y 0.0190 (0.030) (0.0028) All Three(0.0075) All Three Axes
Axes

Z 0.0109 0.0032
(0.0043) (0.0013)

AXIS MEAN ERROR, tMAX ERROR, X Y LOCATION OF MAX ERROR,

cI(in) (in) ENCODER READOUTS, cm
.X y

X 0.0020 0.0745
(0.0008) (0.0293) 16.318 505.382

Y -0.0007 0.0518
(-0.0003) (0.0204) 289.318 145.382

Z 7.964 x 10-8 -0.0411
(3.135 x 10-8) (-0.0162) 328.318 427.332
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As the test antennas will be aligned to the best fit plane developed by the

multiple linear regression analysis, the plane equation and coefficients are

offered here:

Zp = Mx Xen + My Yen + Bp,

where

Mx and My are slopes developed in the regression ana'iysis

and Bp is the intercept coefficient

Mx -2.312234 x cm

My - 4.817124 x 10-9 cm

Bp = 7.384032 x I0-3 cm

2.7.5 Adjusted Error Budget

Comparing Table 2.7-1 with Table 2.4-2 (revised error budget), it is noted

that the peak and RMS measured errors agree rather well with the budgeted

values for the Z axis.

The X-axis RMS errors are also in good agreement; however, the peak measured

values differ from the budgeted RSS values. Both the peak and RIM measured

errors differ from the tSS and Ri4S-budgeted values in the Y axis.

During calibration of the Y-axis encoder error versus Y position (see equation

2,7-2). rather large errors were observed that appear to be due to the total

rack gear composite error (line 12 of Table 2.4-2). It is surmised that

additional effort with these rack gears might have reduced this error to the

budgeted value of 2.8 mil. It was obvious at this time, however, that the

error budget would be met with such large margins that expenditure of addi-

4 tlonal effor. was not justified.

77



Because the encoder error has been identified as more nearly directly related

to the number of rack sections (rather than the square root of the number of

sections), a better representation of the total rack gear composite error is

0.0006 (22) = 0.0132 in (13.2 mil) rather than the value 0.0006 %/42-

0.0028 in (2.8 mil) assumed in line 17 of Table 2.4-2.

This correction should be applied to both the X and Y axes (no impact for the

Z axis) of the error budget (line 12, Table 2.4-2).

Table 2.7-2 presents a comparison of the neasured results versus the error

budget with the above correction applied. From Table 2.7-2, it is seen that

the apparent disparities between budgeted and measured values (for a corrected

budget) are for all practical purposes eliminated.

Table 2.7-2. Measured Values and Corrected Error Budget.

Probe Tip Errors, in/lO00
Error Type

X Axis Y Axis Z Axis

CorrectedCorctd23.4 19,2 15.6
RSS Budget Value

Peak Measured 293 20.4 10.2
Value

Corrected 6.3 511 S.6
RMS Budget Value

MS 1Measured 6.3 7.5 4.3
Value
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2.8 Servo Control System

2.8.1 General Description

The general coiifiguration of the scanner servo control system is shown in

Figure 2.8-1 in block diagram form. The servo cabinet is defined by RCA

Drawing No. 8668170. Both the X and Y drives are defined by this diagram and

the following discussion applies to both axes. The rate loop is the primary

portion of the control system and is designed to accept commands either locally

from the servo control unit or remotely from the computer to control DC torque

motors. Two tachometers sense the motor velocity, and rate signals are fed back

to close the rate loop. The rate loop consists of a summing and scaling amplifier.,

a compensation amplifier, and a power amplifier to provide the armature current

$ to the motor. The rate loop also senses such conditions as overspeed, low volt-

ages, and travel limits and conditions the loop to minimize the possibility of

damage to the scanner motors.

Local signals to the rate loop originate either as a velocity control slew signal

or a position control -ioltage generated by the voltage difference between a posi-

tion reference voltage and the actual position as sensed by the encoder. The

manual velocity control is simply an insertion of one of four available DC

voltages which provide fast and slow slews in either direction. The manuil p0si-

tton voltage generated by the encoder (through the digital to analog converter

DAC) is compared to a potentiometer-controled voltage reference signal, and the

difference in amplitude between these two voltages causes the tarriage to move

to a position at which the voltage difference between the reference and WAG out-

put is zero.

Positional information is provided by a two speed 18 bit encoder system located

on the carriage (or tower). These 18 parallel bits are converted to a serial
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train of pulses for transmnssion to the servo control unit. Here they are

I reconverted tc. a parallel form and transmitted to the computer as well as being

converted tn an analog signal for manual position loop closure and to drive

thc readout displays scaled to indicate carriage (tower) position in centimeters

from an arbitrary reference point. Figure 2.8-2 shows the servo cabinet in test.

i I -•i I SERVOj CABINET

tI

1 Figure 2.8-2. Servo Cabinet in Test.

2.8.2 Rate I•__p

I Details of the rate loop are shown in F•igure 2.8-3. This rate loop is used to

ensure smooth, even motion of the RF probe over a large range of velocities.

An electronic integrator is used in the loop as a part of the compensaLion cir-

cuitry. The values of compensation differ for the two axes. For the X axis tht
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compensation value is S
5.44 T3T
S S +1

which configures the X-axis rate loop to a rcrossover frequency of 1.5 Hz. For

the Y-axis the compensation value is

10.88 2__ (1) +1

S S

27 (10) +I

which configures the Y-axis rate loop to a cros3over frequency of 3.0 Hz.

The power amplifier for both axes is connected as a current source. Its nominal

transfer function is

Io
0=nI. 0 amps/vol tein

with a current limit set at 6.0 A maximum. This limits the torque that

can be applied to either axis to 6.9 ft-lb, a value selected to obtain

specified performance without applying excess torque or producing excessive heat

in the motor.

The drive motors and tachometers are identical in both the X and Y axes. The

motors are permanent magnet DC torque motors having a nominal armature resist-

ance of 3.6 ohms and a nominal torque constant of 1.15 ft-lb/A. The tachometers

are also permanent magnet devices having a nominal gradient of 1.1 V/rad/sec

with an output resistance of approximately 300 ohms.

The nowminal closed rate loop gradients are 1.0 cm/sec/V in the X axis and
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5.0 cm/sec/V in the Y axis. Carriage rate control in the range of 0.025 cm/

sec to 50 cm/sec and tower rate control in the range of 0.125 cm/sec to 10 cm/sec

have been successfully demonstrated.

2.8'3 Position Loop

*The local position loop is a convenience mode for positioning the. scanner

carriage in the absence of a computer signal. The loop is a Type I

configuration with the gain set to provide a single 20% overshoot to

a large step displacement. The feedback position voltage produced

by the DAC ranges from 0 to +10 VDC with 16-bit granularity which

is equivalent to 0.15 mV/bit with one bit being nearly equal to 0.01 cm

of tower or carriage travel. The reference position voltage used is the

+15 VDC analog circuit power supply voltage. Because this power supply has

random drift of up to 2.0 mV, the position loop drifts up to 0.13 cm.

This is satisfactory for the manual positioning.

2.8.4 Encoder Signal and Readouts

Each axis uses two optical encoders to obtain 18 bits of positional information.

The encoders are configured in a coarse-fine relationship with the coarse (5 bit)

encoder being geared 32:1 with respect to the fine (13 bit) encoder. The en-

coders work In conjunction with a digital translator that receives the 18 bits

of encoder parallel position data and converts them into a serial stream that

is transmitted, along with a clock signal, to a receiving digital translator in

the servo cabinet, where they are reconverted to parallel Information. The encod-

er-translator combination is controlled by an external clock running at a 400 kHz

rate. This allows the 18 bits of information present at the output of the recelv-

ing digital translator to be updated 4000 times/sec. This is approximately
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10 times faster than the computer reads position data and assures that the infor-

mation is no more than 0.25 msec old when sampled. This arrangement then

provides position data at a relatively fast rate while requiring only 8 wires

(4 pairs) between the carriage or tower and the servo control unit; a savings

of cost, weight, and complexity.

In 'the-servo control unit, three different functions are performed on the 18

parallel bits of position data available at the output of the digital translator.

a. The entire 18 bits plus a data ready bit are sent. in parallel, to the

computer by means of balanced line drivers.

b. The most significant 16 bits are converted to an analog signal for

closing the local position loop.

c. The 18 bits are scaled through a combination of binary and decade coun-

ters working on a time interval basis to display the absolute carriage

position in centimeters on LED readouts. Six digits are displayed in

the readout with the least significant being equivalent to 0.001 cm.

2.8.5 Power Amplifiers

The power amplifier is a linear operational amplifier controlling a power

bridge output circuit. The amplifier and bridge are encapsulated and mounted

on an 11-in, heat sink. The current through the bridge (and therefore the

motor armature) is limited to 6.0 A by means of an external resistor of

0.357 ohm. The amplifier is used in this application as a current source$

its transfer function being in units of current out per volts in. This adds

an integration to the rate loop since (once the friction level is surpassed)
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a voltage into the power amplifier produces a current into the motor armature

which has an equivalent torque value (torque = KT X current). This torque

then causes the motor to accelerate the inertial load at a constant value.

The current output from the bridge goes through three closed relay contacts,

connected serially, to the motor armature. The purpose of the

relay contacts is to interrupt motor current and put a short across the

armature in the event of an operational failure, such as power supply failures

or overspeed. The configuration of the power amplifier permits a maximum of 55 V

across the motor armature. The relay contacts are individually rated at

28 V maximum so that unless precautions are taken interruption of the motor

could cause the relay contacts to weld. To prevent this from occurring,

three contacts are connected in series and each contact has a bidirectional

power zener diode connected in parallel with it. These diodes clamp at

nominally 20 V and thus prevent the contact voltage maximum of 28 V from being

attained when interrupting the armature, even at its maximum of 55 V.

2.8.6 Power Supplies

Four'differentODC voltages are required to operate the Scanner Servo. These

voltages are:

a. +5 VDC - for operating the digital logic chips, the readout display, the

digital translators, and the encoders.

b. +15 VDC - for operating the analog operational amplifiers.

c. -15 VUC - for operating the analog operational amplifiers and biasing the

power amplifier.



d. +60 VDC - for operating the power amplifiers. Two 30V Supplies

are connected in series to attain this magnitude of voltage.

Three +5 V supplies are used throughout the servo system. One is located

within the servo cabinet and provides all +5 V requirements for the

cabinet. This cabinet power supply is rated at 8.0 A. Each of the two encoder

pairs and digital translators have dedicated +5 V power supplies on the

scanner tower. This is necessitated by the encoders requiring 500 mA each

plus 500 mA for the translator. To transport this power from the cabinet while

keeping the voltage drop at less than 100 mV would not have been practical over

the distances involved. These encoder power supplies are rated at 3.0 A.

The +15 VDC and -15 VOC supplies are part of a dual supply unit, each half of

which is rated at I A. They are located within the servo cabinet and provide

+ 15 VDC to circuits within the cabinet only.

The power amplifiers require a nominal supply voltage of 60 V which is

provided by serially connected 30 VDC supplies. The peak current that could

be required from this supply if both motors were accelerating simultaneously

is 12 A. Each of the serially connected supplies is rated for 14 A and

is adjustable from 24 to 36 V. In this application each supply is adjusted

to +30 V with the overvoltage protection set to trip out at 32.5 V. This

protects the power amplifier whose upper voltage limit is +65 V.

2.8.7 Protection Features

Several protection features were incorporated in the electronics design.

Important among these features are the following:
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a. Travel Limits - Four distinct travel limits exist, namely in the +X, -Y, +Y,

and -Y directions. The circuitry is configured so that upon actuating

any one of the four limit switches, circuitry is activated to prevent

input to the power amplifier of any signal that commands the scanner to

continue in the direction it was traveling when the limit switch was

actuated. The circuitry will, however, accept the reverse polarity so

that it can drive the scanner away from the encroached upon travel limit.

If the scanner were under computer control when it entered a travel limit,

the servo system reverts to local control in the velocity mode. It will

remain in the local mode until the travel limit reset switch is actuated.

The object is that the computer, under a normal circumstance, should

not drive the scanner into the limits and the reason that it did so

should be evaluated prior to handing control back to the computer.

When the servo is driven to a limit, a signal is sent to the computer

indicating which of the four limits is violated. Additionally, a lamp

illuminates on the servo panel indicating that the scanner is in a limit

and another lamp indicates the specific limit involved.

b. Servo Ready - Comparator circuits monitor each of the four DC voltages

"used in the servo system. If any of the four voltages rises or falls

II outside a specific "window" of acceptable values, the Servo Ready Signal to

the computer goes low and the servo is disabled.

c. Remote Control - The computer can only obtain control of the servo

if the following four conditions are met:

1) The Servo Ready Signal is high.

2) The scanner is not at a Travel Limit.
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3) The Servo Local/Remote switch is in the Remote Position.

4) Remote Control is specifically requested by the continuous

presence of a signal from the computer.

d. Overspeed Protection - Failure modes can occur that cause uncontrolled

runaway of the servo motor. Among these are power amplifier mal-

functions, tachometer failure, electronic failures that cause open

loop conditions, etc. Many of these failures cannot be sensed or con-

trolled by the computer; therefore, it is necessary to employ another

means of runaway protection. In this servo, the protection i. provided

by the armature relay circuits (discussed under the power amplifier para-

graph) and comparator circuits to sense overspeed by monitoring the

tachometer voltages. Two integral tachometers are employed on each

drive motor and the rate electronics are scaled so that normal loop

gradients occur only when both are functioning properly. If either

(or both) tachometer senses overspeed (greater than 15 cm/sec in X,

greater than 60 cm/sec in Y), the armature relay circuits are deactivated,

interrupting motor current and placing a short circuit across the motor

armature. This shutdown condition remains until the shutdown reset

switch is activated. The use of two tachometers greatly reduces the

possibility of a single tachometer failure causing a runaway mode with

no capability for detecting the resulting overspeed condition.

e. Shutdown - In addition to overspeed initiating the interruption

of the armature circuit, the computer can command the shutdown

action to be initiated. If any OC voltage goes out of its assigned

"window" of values, the shutdown action also occurs. As in the

case for overspeed, the shutdcwn reset switch must be activated to

restore normal operation.
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f. Excess Error Indication - If the position of the scanner is differ-

ent from the local command position by more than approximately 25 cm

an appropriate lamp illlininates, indicating that either

a positive or negative position error exists. If it is desired to

go from Local Velocity to Local Position Control, the operator should

turn the position control knob until the lamp is extinguished. At

that time, Position Mode can be attained and the scanner will not make

an excursion of more than 25 cm.

This feature reduces the possibility (when switching from Local

Velocity to Local Position Control) of causing large position changes

at high speed in either axis.
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Section 3

COMPUTER PROGRAMS

3.1 Computer System

The computer system consists of an Interdata 8/32 computer with 768K bytes of

memory, a magnetic tape, 76M byte disk storage, a hardcopy console (called a

Carousal), a CRT console, and special-purpose hardware interfaces. Figure

3.1-1 shows the computer system block diagram and Figure 3.1-2 shows the

physical arrangement.

Four of the six special-purpose hardware interfaces use the Interdata

Universal Logical Interface (ULI) board. This board contains standard

logic to communicate with the Interdata 8/32 computer and has an area where

RCA incorporated the unique hardware logic to interface with the

particular functional unit.

One of the ULI interfaces is used by the computer program to select the test

frequency. Another ULI interface is used to switch the four channels. A

third ULI interface is used to specify the beam position to the beam steering

controller cabinet. The fourth ULI interface is used to read the probe

position and status. By reading the probe's position at a specified rate,

the computer program calculates the probe's velocity and can transmit a

velocity correction to the servo control unit to control the probe's movement.

The other two interfaces are A/D and 0/A standard Interdata hardware units.

The A/D is used to read an amplitude and phase for each selected frequency,

beam position, and channel.
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3.2 Computer Program Architecture

The computer programs are structured into subprograms and implement the

test system requirements by providing five medes of operation. Each Mndt

provides a specific operational capability. The modes are

a. Immediate Command Processing

b. Plan

c. Scan

d. Data Reduction

e. Calibration

Figure 3.2-1 shows the computer program architecture and subprograms.

3.2.1 Immediate CoMand Processing Q(COM)

The ifmediate Coamnd Processing mode provides the test conductor with a

manual control of the test system to perform the following functions:

a. Move the probe to a specified position.

b. Select a frequency.

c. Select a beam position.

d. Select a channel.

e. Read amplitude and phase.

f. Stop probe movement.

The test conductor is able to use these cotoands to assist in the antenna

installation and checkout prior to the actual data scan and data processinq.

The Imediate Command Processing (ICON) subprogram interfaces with the

operator. The PRO8 subprogram is called by ICON to move or stop the probe.

SWCH is called by ICON to switch to a specified frequency, beam position, or
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channel. AMPH is called by ICOM to read the amplitude and phase. These

three subprograms are also used by the SCAN mode.

3.2.2 Plan

The Plan mode is used by the test conductor to define a complete scan

scenario for later use. The parameters specified are

a. Frequencies (specify up to 10).

b. Scan Area (specify in terms of X and Y).

C. Scan Spacing (specifies number of data points).

d. Antenna Beam Positions (specify up to 10).

e. Scan Type (two types of scan: (1) beamformer alignment or
(2) pattern and/or beam-pointing accuracy).

The test conductor specifies these parameters and gives each scenario 4

name. The computer program will store the-scan scenario on disk to be

called up by its name. Many scan scenarios mny be stored on disk. Plan

also allows the test conductor to call up a previous scan scenario and

make modification or delete the sceiiarto irow the system. This-mode

permits the test conductor to prepare for a scan anytime prior to its use.

3.Ž.3 Scan

The scan mode performs an aW&tomatlc scan as specified by a particular scan

scenario, The co'Iuter Program reads the scan scenapiO; calculates the
scan rate; controls the probe movement, switches frequencies; beam

position, and channels, and reads amplitude and phase data.

The Scan also parcels the data into unique data arrays; each array contains

the aWmplitude and phase data of all data points for a frequency, beam
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position, and channel. These data arrays are stored on disk ready for the

Data Reduction mode to process them.

During a probe scan at each data point, the software automatically switches

all channels for each beam position and for each frequency specified in

- the scan scenario. A maximum of 100 phase and amplitude data arrays (i.e.,

frequency I, beam position k, and channel J) can be read at each data point.

After a scan is completed, the operator is notified.

3.2.4 Data Reduction

The Data Reduction mode processes the data arrays collected by the Scan mode

and produces antenna pattern data containing gain, sidelobe levels, and othe,

parameterq, beam pointing accuracy data, and beaiaformer alignment date. The

Near-to-Far-Field transformation is the FARFLT programr supplied by the

National Bureau of Standards and adapted to the Interdata operating system.

The operator may request the following classes of outputs:

a. Pattern Data Amplitude - Contour
S1000 x 1000 or - Line cuts inadirection

200 x 200 Field of View - Line cuts in 0 direction
- Local maximums

b. Beam-Pointing Accuracy Accuracy data and error slopes

c. Beamformer Alignment - Elevation waveguide correction
- Azimuth wavegulde correction

Transmit wavegulde corrections
- Monopulse channel corrections

Pattern data is processed one data array at a time. Beam-pointing accuracy

data ari processed using one frequency and one beam position at a time and
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all three receiye channels. Beamformer alignment processes all frequencies,

beam positions, and channels for one wavegulde correction output.

The test conductor may select either one data array at a time for pattern

and beam pointing accuracy or select all data arrays. The Data Reduction

Executive subprogram interfaces with the test conductor to receive the

processing type, read the data array into memory, and call the appropriate

subprogram to process the data. The first subprogram called by the Data

Reduction Executive is the Near-to-Far-Field conversion (FARFLT) subproqram.

The test conductor also selects the type of processing to perform; these are

PATTERN 'Pattern Data Processing), AQUAL (Beam Pointing Accuracy Data

Processing), or BFAL (Beamformer Alignment).

Eacn data processing type queries the test conductor asking for specific

information to perform its particular data processing.

"3.2.5 Calibration

The Calibration mode aids the test conductor in assessing the operational

readiness of the antenna and directs the measurement ystem calibration.

As the test conductor completes each instruction, he reports the task

completed to the computer teminal, reads the resulting data, and instructs

the computer to proceed. This continues until the calibration sequence is

completed and all results are printed. Specific measurements Include an

overall measurement system integrity check, Including dynamic range, amplitude

linearity, and phase linearity.
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In addition, calibration moves tee probe in front of a standard calibration

horn and reads the amplitude and phase. This data is used to calculate

and store a calibration parameter of the probe using the standard calibration

horn. This calibration data is used in subsequent data reduction.

The Cal ibration mode also accepts from the test conductor system parameters

used by more than one mode. These are

a. Identify a probe location by a name. This allows the test conductor

to refer to the name at a later time and request the system to

move the probe to that location.

b. Identify the surface location of the antenna with respect to the

scanner surface.

c. Input the parameters that go into the equation to calculate gain,

such as the probe reflection constant.

3.2.6 Software Memory Usage

Figure 3.2-2 shows the Interdata 8/32 memory usage for each mode of operation.

Note that all modes have ample spare memory for future use. Of particular

interest is the Data Reduction memory usage. The data array being processed

is totally core resident which eliminates disk activity and increases cam-

puter efficiency. The four Data Reduction subprograms, F ARFLT, PATOSY,

PQUAL, and VFAL, are overlaid into the same memory area for eMecutMon.

3.3 Typical Mode, Scenario

To help the reader in understanding the use of system modes, this section

describes a typical operational scenario.
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The test conductor supports the installation of the antenna into the test

fixture by using the Immediate Command Processing mode to read amplitudes

and phases at specific frequencies, beam positions, and channels. After

installation, the Calibration mode is used to calibrate the measurement

system.

Once the antenna is ready to be tested, the test conductor initializes the

system using the Calibration mode. He inputs into the system the probe position

where the standard calibration horn is located, defines the array location

with respect to the scanner area, and requests the Calibration mode to take

a reading of the standard calibration horn and store the respective calibration

parameters for use during the scan.

Prior to running the actual scan, the test conductor selects or defines the

scan scenario using the Plan mode. He may create a new scan scenario, review

an existing scan scenario, and either modify it to fit his needs or decide

it is correct as is.

The Scan mode then automatically performs the scan by calculating the scan

rate; controls the probe movement; switches frequencies, beam positions,

and channels; and reads the amplitudes and phases at each data point for

each frequency, beam position, and channel. Scan organizes the amplitude

and phase data into data arrays and stores them on disk. Each data contains

the amplitude and phase of every data point for a frequency, beam position,

and channel.

When the scan is completed, the test conductor is notified.
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The test conductor next uses the Calibration mode and performs a postscan

calibration reading of the standard calibration horn to confirm that the drift

of the calibration parameters is within tolerance.

Data redurtion is the final mode used. Appropriate commands are entered into

the computer to perform Pattern and Beam Pointing Accuracy data reduction.

The data is printed and plotted on hard copy, and is compared to preprogrammed

acceptance criteria for the accept-reject decision.

3.4 Data Reduction Outputs

The Data Reduction programs for pattern and beam pointing accuracy came from the

AAPDAS system used for the checkout and acceptance testing on the AEGIS EON-I and

the EDM-3C arrays and were adapted to the Interdata 8/32 computer. This section

identifies the type of data rroduced and shows some examples.

The Data Reduction outputs are

a. Pattern Data - Amplitude contour- plots, principle line cut plots in

and directions, and local maximum printouts. Figure 3.4-1 shows a

principle plane cut. (Note added in proof: This example of output has

been deleted.)

b. Beam-Pointing Accuracy - Monopulse curve with tabular data that con-

tains: (1) the standard deviation of the beam position with respect to

the commanded beam position, (2) the mnnopulse error slope, and (3) the

total error which combines the error of the beam position and the vari-

ance of the error curve. Figure 3.4-2 shows the monopulse error curve.

(Note added in proof: This example of output has been deleted.)

c. Beamformer Alignment - The waveguide corrections for each subarray in

elevation, the azimuth waveguide corrections, and the transmit beam-

former waveguide. Figure 3.4-3 shows the waveguide correction report.
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Figure 3.4-1 is an example of a line cut in the £ direction. The operator

selects a constant 0 direction and specifies the • window in degrees. The

system prints each data point within the - window. Three windows are

available: 20, 200, and 1000.

After looking at the line cut, the test conductor can request a local maximum

chart which shows the local maximums starting at a test-conductor-specified

decibel level. For example, the test conductor may look at the Figure 3.4-1

line cut and request a local maximum chart for all local maximums above

-32 dB.

The local maximum will then print out an entire antenna scan and place an 1"X

at every location that is a local maximum above -32 dS. Along with the 1X4 the

actual amplitude will be printed to an accuracy of .1 d4.

A test conductor request for a Beamformer Aligrment data reduction run will

result in an output as shown in Figure 3.4-3. If all vavoguides are within

tolerance, a printout of the words "Installation Report" will be produced.

In Figure 3.4-3, the elevation waveguide correction chart shows etither a

string of eight "s" or a number. The eight i*sU Indicate the subarray

waveguide is within toleronce. The number Indicates the elevation subarry

must be adjusted by the value of the nuiber in centimeters.

For more details concerning the data reduction outputs, the reader Is referred

to the computer program documentation somrind in this report as Appendix A.
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3.5 Computer Program Documentation

(Note added in proof: The computer program documentation is 1isted in Table B-2 p. 120.)

The program Performance Specification (PPS) defines the system requirements

the computer program is to perform. The Program Design Specification (PBS)

defines the top level software design and defines the subprograms. A Program

Design Description (POD) defines the detailed design of each subprogram. It

contains a design narrative, data description, and flow charts of the subprogram

The Acceptance Test Plan describes the acceptance test requirements to

demonstrate that the requirements contained in the PPS are met. Also, there is

an Acceptance Test Procedure that is the step-by-step actions to execute the

tests cot iined in the Acceptance Test Plan.

The Program Package is the delivered software ani consists of a magnetic tape

of the subprograms source code and a compiled source listing of each subproaram
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Section 4

CONCLUSIONS AND RECOMMENDATIONS

The scanner/servo as configured, fabricated, assembled, aligned, and calibrated

has been demonstrated to satisfy all requirements imposed, and appears to be

eminently suited to the intended task.

The scanner coverage area, velocities, and accelerations in conjunction with

available overtravel are as specified. Scanner errors (per Table 2.7-1) are

approximately one-quarter of the allowed errors; thus the existing scanner can

be used to test higher RF frequency antennas with the X, Y, Z positional

accuracy achieved.

The errors measured for the existing unit can be further reduced at the cost

of additional time and effort for aligning the data rack gears as well as the

X-axis linear bearing shafts.

One of the critical geometric properties of the scanner is the ratlo of maxiVWm

scanner height to minimum distance between the X-axis bearings or tower aspect

ratio. From Figure- 2.4-1, the aspect ratio of the systeam is

S. ... .d - - 3 . 8

It appears that the selected aspect ratio is somewhat conservative and could

be increased to the range of 4.0 to 4.5 for a positional accuracy of 0.030 in.

d The incorporation of the rate control servo loops offers significant advantages

in ability to control system dynamic errors and opertional smoothness. This

feature, in conjunction with rack and pinion drive gearing and the use of one

articulated linear bearing In each axis, results in a highly satisfactory

scanmer/servo system.
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The rail support system as implemented has performed well. However, a consider-

able investment in bearing shaft alignment was required, thus investigatin

I of support designs directad to reducing alignment time (without sacrificing

X support stiffness) is warranted for future builds.

After alignment of the X axis bearings, the X axis was subjected to frequency

response tests up to 200 Hz with a high amplitude resonance observed at

118 Hz. This resonance was sufficiently severe as to misalign the vertical

plane of the primary X-axis bearing shaft; thus, frequency response tests should

be limited to 15 Hz after X-axls bearing shaft alignment.
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APPENDIX B
ENGINEERING DRAWINGS AND COMPUTER PROGRAMS

This document, NAVSEA MT S-475-77 (NOSC TR 499) will be available from the
Defense Technical Information Center.

RCA-developed engineering drawings and computer software documentation
are listed in this appendix as tables B-I and B-2. Copies may be obtained from NOSC (a
reproduction charge may be assessed). Drawings are available from Code 9241, Electrical
Design Branch; software from code 9122T, Customer Services & Administration Branch;
Naval Ocean Systems Center, San Diego, CA 92152.

ENGINEERING DRAWINGS

The engineering drawing set obtained under the MT contract consists of some 175*
sheets of drawings consisting of:

4 Page drawing list 82 XI I inch.

101 Mechanical drawings of various sizes up to 30 X 42 inch.

12 Page workmanship specification, basic 81/ X I 1 inch.
58 Drawings servo system various sizes to 30 X 42 inch.

A detailed list of drawings is given in table B-1. The drawings are segregated into four
hierarchical levels indicated by the number of triplet blanks ahead of the drawing number,
Several of the drawings consist of more than one sheet and the number of extra sheets Is
listed. The number breakdown by hierarchy and extra sheets is:

Hierarchy 1 2 3 4 extra sheets

Number 1 2 71 25 60

The drawing titles are given. The drawing numbers are those of the RCA drawing
library and serve only for identification purposes.

Except for those who may wish to make a complete duplicate of this system, many
of the drawings need not be consulted. For the mechanical structure the second hierarchy
assembly drawing 8364786-501 (the 501 indicates an assembly drawing) consisting of eight
sheets is rather complete in itself and references most of the remaining drawings in its parts
list. For the servo system the 35 sheets of logic diagrams probably describe most of the
functional characteristics of the electrical servo system; however, in normal operation, the
servo loop is 'losed through the computer so that the appropriate portions of the software
package should be included also.

*The RCA diawing file Is kept on aperture cards (basically a nleroflot system), Reproduction of
• drawings• at NOSC is by Ozalid inaudne so that the non-reproducilbe copy and the reproducible copy

prepared by RCA differ In sizes and perhaps number of shaets, The NOSC reviewv was owae on the

'non-rrprouucb!e copy and numbera of sheets givmn apply to that topy.

109



Table B-1

DRAWING LIST: PROGRAMMED SCANNER

(SCANNER/SERVO)

HIERARCHICAL TOP DOWN - BREAK DOWN

RCA Drawing No. Title Page 1 of 5 Extra Sheets

8145596-501 Programmed Scanner (Scanner/Servo Subsystem) 2

--- 8364786-501 Near Field Scanner 7

-----. 8145388 Bracket 0

8145398 Cable Assembly 0

8145399 Shaft 0

8145584 Stow Pin Assy. - X-Axis 0

8145585 Stow Pin Assy. - Y-Axis 0

8145586 Nut Plate 0

8145587 Retainer 0

8364773 Beam 0

'8364/79 Tower Assembly 1

8364787 Frame Assembly 0

8364790-501 Motor Tachometer-Near Field Scanner 0

8145395 Retainer Bearing 0

S8145396 Cover 0

8145397 Cover 0

8668030 Housing 0

8668031 Housing 0

8739648 Gear - 48 Teeth Pinion 0

8739649 Gear - 22 Teeth Pinion 0

8739660 Shaft 0

8739664 Spacer 0

8739665 Retainer - Motor 0

8739666 Extension Ring 0
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Extra Sheets

--- 8364786-501 (Con't) Page 2 of 5

------ 8668003 Shaft 0

8668015 Support (Gear Rack) 0

8668016 Support (X-Axis Encoder Rack) 0

8668018 Plate Assembly 0

8668026 Stop 0

8668028 Mount Assembly 0

8668032-501 Encoder Assembly 0

------ 8668023 Plate, Mounting 0

8739642 Hanger 0

------ 8668046 Support, Shaft 0

8668172-501 "'" Junction Box 2

. 8145512 Plate 0

8145513 Support 0

8364951 Logic Diagram '"0 Carriage Junction Box 2

8668050 Can 0

8739703 Bulkhead 0

8739704 Can 0

---.. 8668177-503 Junction Box X-Axis 1

------- -8364953 Schematic Diagram - X-Axis Carriage Junction Box 1

8739702 Box, Terminal 0

.--- 8739627 Rack, Gear (Motor Drive) 0

8739643 lHoler, Stop 0

8739644 Shield, DuL 0

8739646 Shield, Dust 0

8739650 Bushing (X Y Axis Rod Bearing) 0
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Extra Sheet

--- 8364786-501 (Con't) Page 3 of 5

------ 8739652 Bracket (Y-Axis Micro Switch MTG) 0

8739653 Bracket (Y-Axis Rod Bearing Support) 0

8679655 Yoke (Y-Axis Rod Bearing) 0

8739656 Yoke (Y-Axis Rod Bearing) 0

8739657 Screw, Shoulder (X Y Axis Rod Bearing) 0

8739659 Plate, Mounting Assembly 0

8739668 Support, Pulley 0

8739669 Retainer, Cable 0

8739670 Bracket 0

8739671 Guide 0

8739672 Counter Weight 0

8739673 Plate Assembly 0

8739674 Angle 0

8739675 Bracket Assembly 0

8739676 Bracket 0

8739677 Plate 0

8739678 Ramp 0

8739679 Support Assembly 0

8739680 Bracket 0

8739681 Bracket 0

8739682 Support 0

8739683 Bracket 0

8739684 Plate, Mount Assembly 0

8739701 Support, Cable 0

8739705 Cover, Terminal Box 0

8739783 Stow Bracket, Y-Axis 0

8739784 Stow Bracket, Y-Axis 0
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Extra She

--- 8364786-501 (Con't) Page 4 of 5

------ 8739785 Stow Bracket, Y-Axis 0

8739786 Stow Bracket, Y-Axis 0

8739787 Drip Pan 0

8739790-501 Junction Box, X-Axis 1

S8364953 (REF) M

8739697 Plate, Mounting 0

8739698 Bracket 0

8739699 Support 0

------ 8739792 Near Field Scanner Cable Assy Definition 0
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Extra

8145596-501 (Con't) Page 5 of 5

-- 8668170-501 Cabinet Assy (Servo)

--- 8278095 Near Field Scanner Cabinet "IVRE LIST"
(connection) 2

8278096 Near Field Servo Control Unit "WIRE LIST"
(connection) 5

8364788 Schematic-Near Field Scanner (Front Panel) 1

8364789 Logic Diagram - Servo Control Unit for Near
Field Scanner (Platter) 9

8364908 Logic Diagram - Digital Translator and DAC
(Platter 3) 2

8364950 Block Diagram - Cabinet Wiring 0

8364952 Logic Diagram - Power Amplifier Chassis 0

8364954 Logic Diagram - Near Field Scanner - (19 Sheets) 11

8668167 Panel, Servo Control Unit 0

8668168 Panel, Circuit Breaker 0

8668169 Panel, Front 0

8668171 Panel, Top 0

8668176 Panel, Servo Cont. 0

1
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COMPUTER SOFTWARE

A block diagram of the hardware part of the "Automated Test System for Phased
Array Antennas" is shown in figure B-I. The antenna under test is supplied by the AEGIS
program. The programmed scanner is supplied by a portion of the Manufacturing Technol-
ogy (MT) contract. The remaining hardware is supplied by RCA. This hardware does not
function together without a set of computer programs (software) stored in the computer.
Much of the software is supplied under the second portion of the MT contract. The re-
quired software is enumerated and discussed in the following.

Antenna Under Test

The antenna under test has three mechanical sections: 1) the antenna face array
assembly, 2) the antenna position programmer (earlier called the beam steering computer),
and 3) the array power supply and support system. Whether all three sections will be
exchanged from one production unit test to the next is a matter of choice. If there is soft-
ware within the antenna position programmer it is excluded from this discussion. There is
however, a set of software, TABOR (Testing of the Array and Beam Steering Computer
Operational Readiness), which is resident in the test system computer and is included as
part of this discussion.

Provision is made for a set of test points in the hardware of both the array and the
antenna position programmer which will indicate malfunctions of the equipment. In
shipboard application these points are periodically monitored by the Data Acquisition
Converter (DAC) for the Operational Readiness Test System (ORTS) and appropriate
diagnostic messages generated if some of the readings are out of tolerance. TABOR is the
test system substitute for ORTS. There is no sense in testing a malfunctioning antenna face
so TABOR is consulted before testing is started.

TABOR is not part of the MT supplied software and is not included in the Program
Package (PP) nor is there a Program Description Document (PDD) for it.

The Software System

"The Intordata 8/32 computer comes with a basic package of software which includes
an operating system (OS/MT 32), a FORTRAN VI compiler, and a library of standard
ftnctions. Almost any other make of equivalent computer would have an tquivalent pack-
age supplied with it. Normally, this basic package may be assumed to be error free with no
modifications to be expected. (There may be a few exceptions). No further mention of this
basic software will be made anti the following software will finish with the generation of a
FORTRAN VI symbolic program which constitutes the Program Package (PP).

The software system to be described will automatically take a wide selection of da~a
sets (various frequencies, beam directions, antenna ports, etc.) as Instructed through the
keyboard with the PLAN program. A given selection is retained tinder a name and can bt
recalled easily. Other selections with other names will normally also be resident in the
computer memory. The complete definition of the action of the test system must include
the nr'ne of the pertinent stored selection.

The remaining software system is block diagramed in figure B-2. Aside from
TABOR and (OS/MT 32) there are 14 subprograms which constitute the Program Paclt .,,,
(PP), version 0. 1, supplied under the MT contract. F-ach of these subprograms has a
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revision number appended to the listing. It is expected that there will be revisions of the
various individual subprograms. When, for quality assurance reasons, the package is to be
redocumented the updated package will be given a new version number and a copy will be
preserved.

The MT supplied software documentation follows a "top-down" programming
concept of four hierarchical levels: 1) Program Performance Specification (PPS), 2) Pro-
gram Design Specification (PDS), 3) Program Description Document (PDD), and 4) Program
Package (PP). The relationship between these documents are shown in figure B-3. The
contract descriptions of these documents were taken from SECNAVINST 3560.1 "Tactical
Digital Systems Documentation Standards" with minor modifications. The PPS covers the
overall required functioning of the system in terms of the four main program functions:
1) Pretest, 2) Calibration, 3) Data Measurement, and 4) Data Reduction. The PDS breaks
this down into 15 subprograms and an interface table, (see table 3.1-1 on pages PDS-7 to 10).
The PDD has a section for each subprogram and goes into specifics (much of it has to do
with specifying logical subprogram reaction to specific exceptional circumstances). The PP
is a magnetic tape record of the FORTRAN symbolic code (including comment cards)
accompanied by a printed listing of the code supplemented by a listing of variab!es used in
each listed subprogram and subroutine. (The variable listing is for review convenience and
is derived from the compile processing of the FORTRAN code and is not strictly a part of
the PP).

There are some exclusions from this documentation. TABOR is not in the PP and
there is no PDD for it. FARFLT, PATSDY, and AQUAL are adaptations of previously
developed codes and no PDD was developed for them, FARFLT came from a program of
A. Newell of the National Bureau of Standards, Boulder, Colo. PATSDY was developed for
the presentation of far-field data from the earlier qualification tests of the SPY-I antenna
face. AQUAL computes the beam pointing accuracy from far-field data and was previously
developed.

What has been available from NBS for example, is the equivalent to the PP only.
Many of the technical community will not be familiar with a PPS, PDS, and PDD.
SECNAVINST 3560.1 specifies a rather rigid format for these documents which results in
each section numbered by a set of sometimes seven subscripts separated by periods.
Generally the subscripts are single digit. These subscripts have to be watched very care-
fully in reading these documents as their importance is not equally distributed and a given
subscript does not retain the same meaning throughout the document. For example, the
bulk of the documents has the first subscript equal to three. The last subscript often refers
to the subprogram and the preceding section subscript pertains to an aspect of that sub-
program specified by the earlier subscripts. Since the ordering of the sections in the docu-
mont is determined by the ordering of the subscripts as though the subscript string were a
fancy digital number this results in a cycling through all the subprograms before the next
aspect of the given subprogram Is taken up. For the uninitiated a different ordering of the
sections would make the documentation more readable.

The concept of "top down" programming is somewhat misleading in that the nature
of the logic presented implies that programming can be a linear process. No one with
experience seems to believe that programming can be a linear process. No one with ex-
perience seems to believe that programming is ever accomplished except by an iterative
cyclic process and that after it is finished it can then be described in the documentation as
though it had been done linearly. It is quite true that attempting to program linearly often
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TABLE B-2

COMPUTER PROGRAM DOCUMENTS

Hierarchy, Sub-Program Pages RCA Document. Number

PPS 159 ANFATS-SP-0002

PDS 118 ANFATS-SP-0003

PDD

Data Base Design 26 ANFATS-SP-0024

ANFP 42 ANFATS-SP-0006

I CON 27 ANFATS-SP-0007

PLAN 37 ANFATS-SP-O008

SCAN 55 ANFATS-SP-0009

PROB 47 ANFATS-SP-0010

SWCH 30 ANFATS-SP-O011

A4PH 27 ANFATS-SPO012

DREX 47 ANFATS-SP-0013

BFAL 72 ANFATS-SP-O017

CALB 84 ANFATS-SP-O018

CREC ANFATS.SP-0019

FARFLT -

PATSOY --

AQUAL --

TAWOR --

pM Magnetic Tape. ANFATS-SP-0023
"Listing is about
800 pp
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reduces the number of cycles of iteration needed. Another procedure which reduces itera-
tion is to test the program with simulated input to see if it gives the expected output. The
programs in version 0.1 have all been tested by simulation. Since these programs have not
been tested with real-life inputs it may be wiser to think of version 0. 1 as being in the first
cycle of iteration rather than being the final product so that revisions (probably minor) are
to be expected.

As part of the information dissemination aspect of the MT contract, copies of the
software documentation will be made available from NOSC. All of the software documen-
tation (with the exception of the PP magnetic tape) is on 8½ by II inch sheets. An index
list of this documentation is given in table B-2 along with the number of pages,

Results of Documentation Quality Review

The NOSC software quality Control branch has given this software a partial but
representative review* using the procedures of NOSC Technical Note 412 (C. 0. Anderson
I May 1978). These procedures essentially examine the documentation for internal con-
sistancy. Errors are referred to the software manager for analysis and remedy.

Roughly one sudc error was found for every 2-3 pages of documentation. Many of
these errors do not imply that the PP software does not function properly but that there is
misplaced or missing information in the documentation..

This review was made after the close of tlte MT contract so that the NOSC docu-
I entiation does not have those errors remedied.

""yh ie number of pages of software documenwtation is much larget than would normal-
ly bo prepared for laboratory software. For a trainted engineer this coold be very usful
and thli frequency of error would be of minor conccýn. For V3)"0eone of Iar skill the
total number of orrurs might provo a morass.

'cw ttnu MNt CCo 9133 (P -A. .

1k. tmuh bAhctuna UkAj Olrx) Maic 1919N

121



I

INITIAL DISTRIBUTION

CHIEF OF NAVAL MATERIAL U.S. ARMY MISSILE COMMAND
NMAT-064 (CAPT F HOLLECK) DRSMI-RE (W SPAULDING)

NAVAL SEA SYSTEMS COMMAND AIR FORCE MATERIALS LABORATORY
NSEA-035 (GEORGE SORKIN) AFML/LT (JIM MATTICE)
NSEA40354 (D S HENDERSON) AFMLILTN (R C TOMASHOT)
NSEA05R23 (T DRASCHIL) AFML/LTM ID WISNOSKY. MTAG CADICAM
NSEA.08R24 (H BYRON) SUBCOMMITTEE CHAIRMAN)
NSEA462X31 (R MARCUS)
NSEA•98612 (LIBRARY) (2) AIR FORCE AVIONICS LABORATORY

AFALJDHM (HAROLD WEBER)
NAVAL SHIP SYSTEMS ENGINEERING

STATION, PHILADELPHIA GENERAL ACCOUNTING OFFICE
CODE 035 (E SIGAL) ROOM 6248C
CODE 035C (U BLOOMER) 441 G STREET. NW

WASHINGTON. DC 20S48
NAVAL ELECTRONIC SYSTEMS COMMAND PSADIGP (H KREITZMAN)

ELEX.-0451 (R HILL)
NATIONAL BUREAU OF STANDARDS

NAVAL AIR SYSTEMS COMMAND DEPARTMENT OF COMMERCE
NAIR.4162C (R RETTA) WASHINGTON, DC 20234

AM30 TECHNOLOGY (BRAD SITH)
NAVAL MATERIAL INDUSTR-AL
RESOURCES OFFICE NATIONAL BUREAU OF STANDARDS

CODE ?22 1W SAFIER) (Q) DEPARTMENT OF COMMERCE
NBSISOULDER LABORATORIES

NAVAL SURFAtE WtAPONS CENTER BOULDER. Co 40303
CODE N-20 (OR TOM A CLARE) SECTION 7T3.1 (ALLEN NEWELL) (10)
W*ITE OAK LABORATORY

CODE U-.• IEOWARO CRISCUOLO, CHAIRMAN, HEADQUARTERS, NATIONAL AIIRONAUTICS AND
MTAG INSP 1A TEST COMMITTEE) SPACE AO.MINIsTtATION

400 MARYLAND AVENUE $W
NAVAL RESEARCH LABORATORY WASHINGTON. DC 1064

CODE ISM7 (OR GERALD FRIEUMaAN) MANUP, YTECHNOLOY UTIL. (RAY L I,,.BRT)
CODE OW300 OM I SIO$..NIK)

AMERICAN INSTIYUTE OF INDUSTRIAL ENGINEER
,OVERN tNIINDU$'Y DATA EEXCHAtrt VACKAR• LASOIATORY NO. 19

PRDQRAM tGI{Om ( o LtIt(It UNIVERSITY
OPSRATIOk5 C .0TER, CORONA CA 9VT"LEtI4EtPA 0I15

INtQW31RIAL ENINEEtRING DEPT.
ReA CO1PORATION fMIKEL. !3ROVWEB
MO4AESTOVN, NJ 0M?

CCDM N41 (JOE AUGUSTYN, G tORGIA tNBTITUTE OF IIECNNOILOGY
I4AVEA T•CH BE•I SCHOOL OF ELECTRICAL OGN.ERt-l

ATLANTA,GA 30332
#EF0NSf INDUPTRIAL GSO&RC6t PRicOF. E &n JOY 021

SUPPORT OFFICE
S A'TrCH NEW •EXICO STATE UNIVERSITYPH*YSICAL SC•Ilk•Ce 1,40.,ATOAV

DEFENSE TCItCk4NCAL INFORMATION CENTfR (121 IOk) PEL

LAS CRUCES. KM
U.. ARMY INDUSTRIAL BASE HONIKEL IEM SlU•TIbN

ENGINEERISA ACTIVITY
ORDIs fit"UCK mc sURNwEYI APPLIED PHYSICS LAbO$ATDORY

It ANDERAON) THlE JOHNS HOPKINS INIVtlS4Y
JOHPNS MOfTC As ROAD

US. ARMY ELECrRONIC" RESEARC44 & AAURE1.) 20110DEVELO"0-NTy COMMAND ED I[Azu4,l



"HUGHES AIRCRAFT CO.
P 0 BOX 3310

1901 W MALVIQRN AVE
FULLERTON, CA 92634

JAMES AJIOKA

HUGHES AIRCRAFT CO.

CENTINELA & TEALE
CULVER CITY, CA 90230

ALBERT KNOELL, 12/V117

SCIENTIFIC ATLANTA INC.
MICROWAVE INSTRUMENT DIVISION MS-I1
3845 PLESANTDALE ROAD
ATLANTA, GA 30340

DR DOREN W HESS, SENIOR PHYSICIST
RAYMOND HEATON

RAYTHEON COMPANY
MISSILE SYSTEMS DIVISION
HARTWELL ROAD
BEDFORD, MA 01730

JERRY HANFLING
D A PALMER

MARTIN MARIETTA CORP
P0 BOX 179

DENVER, CO 80201
C E KIRCHOFF
T W MORRIS

ELECTRONIC INDUSTRIES ASSOCIATION
CORPORATE OFFICES
HUGHES AIRCRAFT CO.
LOS ANGELES, CA 90009

DALE HARTMP-ti

TECHNOLOG,' SERVICE CORP.
8555 16TH STREET, SUITE 300
SILVER SIJRIN(G. MC 20910

DO JOE F1RANK
K R GRIMM

GFN.ERAI.. DYNAMICS
ELECTRONICS DIVISIOr
P0 BOX 81127
SAN DIEGO, CA 02138

OR G TRICOLES

123



FINAL REPORT DISTRIBUTION LIT

COMMANDER COIMMANDER
NAVAL SEA SYSTEMS COMMAND (SEA-05R23) NAVAL SEA SYSTEMS COMMAND
SHIP SYSTEMS RESEARCH ANt TECHNOLOGY LIBRARY BRANCH (SEA.09G3)

OFFICE NATIONAL CENTER 3, ROOM 3SO8
CRYSTAL MALL 4, ROOM 109 DEPARTMENT OF THE NAVY

DEPARTMENT OF THE NAVY WASHINGTON, D.C. 20362 (2)
WASHINGTON, D.C. 20382 (2)

COMMANDER
NAVAL MATERIAL COMMAND NAVAL ELECTRONIC SYSTEMS COMMAND
MANUFACTURING TECHNOLOGY O:FICE (MAT-064) (ELEX-50451)
CRYSTAL PLAZA 5, ROOM 382 MATERIAL ACQUISITION DIRECTORATE
DEPARTMENT OF THE NAVY NATIONAL CENTER 1, ROOM 3E48
WASHINGTON, D.C. 20362 (1) DEPARTMENT OF THE NAVY

WASHINGTON. D.C. 20362 (1)
NAVAL SHIP SYSTEMS ENGINEERING STATION
PHILAfIELPHIA, PA 19112 COMMANDER
ATTN: E. SIGAL, CODE 035 (1) NAVAL SURFACE WEAPONS CENTER

ATTENTION: K. EGAN
COMMANDER DAHLGREN, VA 22448
NAVAL AIR SYSTEMS COMMAND
PPOGRAM AND RESOURCES DIVISION RCA AUTHORS:
INDUSTRIAL RESOURCES BRANCH (AIR,5018) RCA CORPORATION
JEFFSRSON PLAZA 2. ROOM 794 ATTENTION: JC KULP,
DEPARTMENT OF THE NAVY WA HARMENING.
WASWiNGTON. D.C. 20382 (Il LEE SNYDER

CODE NAI
CAMERON STATION MOORESTOWN. NJ 08057 (1 EACH)
ALEXANDRIA. VA 22314 (12)

RELIABILITY, INC,.
MANUFACTURING TECHNOLOGY DIVISION L. L. COULTER.
AIR FORCE MATERIALS LABORATORY 16400 PARK ROW,
WRIGHT-PAI TERSON AIR FORCE BASE HOUSTON. TEX, 77084
OHIO 45433 i()

OR. J. SNIEGER
U.S. ARMY PRODUCTION EQUIPMENT AGENCY PHYSICS LABORATOR4Y TNO
c/) ROCK ISLAND ARSENAL P.O. BUX 96864
ROCK ISLAND, IL 61201 (I) 2508 JG THE HAGUE

THE NETHERLANDS
OFFICER IN CHARGE
NAVAL MATERIAL INDUSTRIAL RESOURCES OR. VJ, VOKURKA

OFFICE DEPARTMENT OF ELECTRICAL ENGINEERING
PHILAODLPHIAt NAVY BASE. BLDG, 77L EINOHOVEN UNIVERSITY OF TECHNOLOGY
PHILADELPHIA. PA 19112 (2| P.O. BoX 813

S600 M& EINOHOVEN. NETHERLANDS

124


